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Abstract Based on multi-source observational data from
1979 to 2013, we investigate the evolution of the global sea
surface temperature anomaly (SSTA) on a quasi-quadren-
nial cycle and its impact on the seasonal evolution of cir-
culation and precipitation in East Asia. We do this by using
principal oscillation pattern analysis and associated cor-
relation pattern analysis, together with numerical experi-
ments from an atmospheric general circulation model.
The results indicate that the global SSTA exerts profound
impacts on the East Asian climate anomaly, while distinct
responses exist between the SSTA developing and decay-
ing stages. From winter to autumn in the developing year,
southern China is typically wetter than normal. In the
decaying year, however, the precipitation over most parts
of East Asia is above normal from winter to spring, and the
main rainfall band meandering from the Yangtze River to
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South Japan is enhanced in summer. During the develop-
ing and decaying years, an upper-level anomalous cyclone
moves from Northeast Asia to the Tibetan Plateau, and then
retreats back. A low-level anomalous cyclone occurs over
Northeast Asia in spring, but weakens in summer and then
strengthens gradually from autumn to the following sum-
mer. An anomalous Philippine Sea anticyclone occurs in
winter and spring, but is replaced by an anomalous cyclone
in summer before reappearing and persisting from autumn
to the decaying year. The abrupt change in circulation pat-
terns in summer of the developing year might be related to
the anomalous weakening of the Tibetan Plateau heating.
These anomalies can be attributed to the combined effects
of the global large-scale heating, regional-scale oceanic
forcing, and thermal feedback of the land.

Keywords East Asian climate - Global sea surface
temperature anomaly - Principal oscillation pattern - Quasi-
quadrennial cycle - Numerical simulation

1 Introduction

The East Asian Monsoon (EAM) is a subsystem of the
much larger Asian monsoon system, which is characterized
by a prominent contrast between the winter monsoon and
summer monsoon during its annual cycle (Ding and Chan
2005). Climatic anomalies of the EAM can bring flood-
ing, drought and other meteorological disasters, which have
substantial effects on the socioeconomic development of
regions home to around two billion people in China, Korea
and Japan. The interannual variability of the EAM has thus
attracted considerable attention from scientific researchers
over a period of many years; and yet despite these efforts,
its level of predictability remains low (Song and Zhou
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2014a, b). Various external forcing factors modulate the
interannual variability of the EAM via tropical, subtropi-
cal and mid-latitude circulation systems (Tao and Chen
1987; Zeng et al. 1994). Previous studies have documented
that many sea surface temperature anomaly (SSTA) modes
in the different ocean basins have considerable impacts on
the interannual variability of the EAM, including the east-
ern and central Pacific El Nifio types (Fu and Teng 1988;
Wang et al. 2000; Yuan and Yang 2012), the Indian Ocean
basin mode (IOBM) (Wu et al. 2000; Yang et al. 2007; He
et al. 2015), and the Indian Ocean dipole (IOD) (Guan and
Yamagata 2003; Yuan et al. 2008; Yang et al. 2010), as well
as the SSTA in the western North Pacific (Lu and Lu 2014)
or the tropical North Atlantic (Rong et al. 2010). Besides,
land thermal forcing is also important, such as the thermal
effects of snow cover on the Tibetan Plateau (Wu and Qian
2003; Xiao and Duan 2016), surface sensible heating (Luo
and Chen 1995; Duan and Wu 2005), and condensation
latent heating (Wang et al. 2014; Hu and Duan 2015), as
well as Eurasian snow cover (Yang 1996; Wu and Kirtman
2007).

El Nifio—Southern Oscillation (ENSO) is the most
prominent air—sea interaction system with a global telecon-
nection effect, and it has substantial effects on the interan-
nual variability of the EAM. The SSTA in the central and
eastern Pacific has a close link with the SSTA variations in
other ocean regions via an atmospheric “bridge” (Alexan-
der et al. 2002, 2004). Prominent SSTA modes, including
the eastern/central Pacific El Nifio (NINO3/EMI) (Wang
2001; Ashok et al. 2007), the western North Pacific SSTA
(WNP) (Lu and Lu 2014), the IOBM (Qu and Huang 2012),
the IOD (Saji et al. 1999), and the tropical North Atlantic
SSTA (TNA) (Rong et al. 2010), are often used to compare
their relative influences upon regional climate anomalies.
However, the Nino3 index has a significant lead—lag cor-
relation with other SSTA indexes, revealing a periodic link-
age in the evolution from a lead time of 2 years to a lag
of 2 years (Fig. 1a). Figure 1b, c show that the East Asian
winter and summer monsoon indices, defined by Wang
and Chen (2014) and Wang et al. (2008b), have significant
lead—lag correlations with the six prominent SSTA modes
from a lead time of 2 years to a lag of 2 years, and these cor-
relations occur in different time segments. The maximum
and minimum of these correlation coefficients often span
about 1-2 years, and display a prominent periodic feature.
This suggests that the interannual variability of the EAM
can to a great extent be attributed to the periodic oscillation
of the global SSTA. Besides, ENSO has two dominant peri-
ods: the 3-5-year quasi-quadrennial cycle and the quasi-
biennial cycle (Jiang et al. 1995; Bejarano and Jin 2008).
The anomalies of circulation and precipitation in East Asia
also have analogous periodic variation features, and these
are closely coupled with the quasi-quadrennial oscillation
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of the SSTA in the tropical Pacific (Chen et al. 1990; Zhu
and Chen 2000; Zhu et al. 2004). The responses to ENSO
are different between its developing and decaying stages
(e.g., Huang and Wu 1989; Wang et al. 2000; Wang and
Zhang 2002).

Previous studies based on observations or numerical
simulations have mainly focused on the impacts of indi-
vidual SSTA modes on the interannual variability of the
EAM in a single ocean basin or a certain season. In fact,
the global SSTA possesses an integral evolutionary feature
with, to a certain degree, a prominent periodicity. Attempts
to further our understanding of the SSTA effects on the
interannual variability of the EAM should take account of
SSTA evolution on a global spatial scale but with a tempo-
ral cyclic view. The present study aims to investigate the
impacts of the global SSTA on the evolution of circulation
and precipitation in East Asia on a quasi-quadrennial cycle.
The hope is that the findings will contribute to an improved
understanding of the mechanism involved, and enhance the
predictability of the interannual variability of the EAM.

The remainder of the paper is structured as follows:
Sect. 2 introduces the datasets, methods and the atmos-
pheric general circulation model (AGCM) employed in the
study. Section 3 presents the global SSTA quasi-quadren-
nial principal oscillation patterns and reveals their relation-
ship with circulation and precipitation. Section 4 explores
the different responses of circulation and precipitation in
East Asia between the developing and decaying stages,
based on both observational analysis and numerical simu-
lations from the AGCM. Finally, Sect. 5 summarizes the
study’s key findings and provides some further discussion.

2 Data, methods and model
2.1 Datasets

The SST data are derived from the HadISST1 (Hadley
Centre Sea Ice and Sea Surface Temperature) dataset, at a
horizontal resolution of 1°x1° (Rayner et al. 2003). The
European Centre for Medium-Range Weather Forecasts
interim reanalysis (ERA-Interim), which consists of geo-
potential height, temperature, horizontal wind (zonal and
meridional components), and vertical velocity in the iso-
baric coordinate system, and whose horizontal resolution is
1°x1°, with 37 vertical pressure levels (Dee et al. 2011), is
also employed. The precipitation data are from version 2.1
of the Global Precipitation Climatology Project (GPCP),
at a horizontal resolution of 2.5°%2.5° (Adler et al. 2003).
All the datasets comprise monthly means, and their tempo-
ral coverage is from 1979 to 2013. In order to focus on the
interannual variability, the anomalies of the variables are



Impacts of the global sea surface temperature anomaly on the evolution of circulation and...

4079

(a) NINO3 & SSTA indexes

EMI
WNP
—|OBM
10D
TNA
T 1 1 1 T T T T T T T T T T 1
DPJ%F? M2AZM? J2UPA% S20°N2 DAU'F! MTA'MT JTUTAT STONT DTUOFC MPA'M °PA° SPO°N° DU'FT M'A'M' JW'AT S'O'N'  D'JPF?
(b) EAWMI & SSTA indexes
—NINO3
EMI
WNP
I0BM
10D
TNA
T T 1 1 T T T T T T T T T T 1
D—SJ—QFVZ MVZA—ZMVZ J—ZJ—2A72 SVZOVZNVZ DVZJAFJ M—\AJM—\ J"J"A" SJO—\NJ D"JOFO MOAOMO JOJOAO SOOONO DOJIFI M\AlMi J‘J‘A‘ S1O1N| D|J2F2
(c) EASMI & SSTA indexes
1.0
0.8 —NINO3
0.6
04 EMI
0.2 WNP
0.0 I0BM
0.2 oD
0.4
0.6 TNA
0.8
T 1T T T T T T T T T T T T T 1
JAUPAT SPOPN2 DATFT MTATMT JTJTAT STOINT DR MPAMY JOPA° SPON® DOJ'F' MIATM' JW'AT S'TO'N' DIPFP MPAPMPE AUPAR

Fig. 1 Lead-lag correlations between a the Nifio3 index [Decem-
ber—January—February mean; Wang (2001)] and the other five main
SSTA indexes, b the East Asian winter monsoon index [Decem-
ber—January—February mean; Wang and Chen (2014)] and six main
SSTA indexes, and ¢ the East Asian summer monsoon index [June—
July—August mean; Wang et al. (2008b)] and six main SSTA indexes
[NINO3 represents the eastern Pacific El Niflo; EMI represents the

obtained by removing the climatological mean state and the
long-term linear trend.

2.2 Methods

The main statistical methods used in the present study are
“principal oscillation pattern (POP)” analysis and “asso-
ciated correlation pattern (ACP)” analysis (Hasselmann
1988; Penland 1989; von Storch et al. 1995; Tang 1995).
In the mathematics that follows, bold lowercase letters

central Pacific El Nifio or El Nifio Modoki (Ashok et al. 2007); WNP
represents the western North Pacific SSTA (Lu and Lu 2014); IOBM
represents the Indian Ocean basin mode (Qu and Huang 2012); IOD
represents the Indian Ocean Dipole (Saji et al. 1999); TNA represents
the tropical North Atlantic SSTA (Rong et al. 2010); and the horizon-
tal dashed lines denote the 95% confidence level]

indicate vectors, and bold uppercase letters are matrices.
For a linear discretized real system,

x(t+ 1) = A - x(¢) + noise. ¢))
And using expectations E can yield

A=E[xt+Dx"0)] - [E [X(t)XT(t)]]_l. )

A pair of conjugate eigenvectors of Eq. (2),
py=p,+ip, and pr =p, +ip}, are called the princi-
pal oscillation patterns (POPs) or the normal modes of
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Eq. (1), where the superscript r represents the real part
and the superscript i represents the imaginary part. So,
the explained components or the reconstructed compo-
nents of the kth pair of POPs can be written as

R,(1) = Z,(tp}, + 7, ()P, 3)
where z represents the POP time coefficients. The terms z;
and z; can be obtained by solving a group of binary linear
regression equations, whose number is equal to the length
of time coefficients. The real part and imaginary part are
two independent modes with similar timescale, so z; and zj{
are orthogonal in the time domain, and the phase of z; has
1/4 periods in advance of the phase of z;. The POPs can
succeed in extracting the spatial and temporal propagation
characteristics from a linear system. More details of POP
analysis can be found in the review by von Storch et al.
(1995).

As for ACP analysis, the associated linear correlation
between another vector time series y(¢) and the kth pair of
POPs derived from x(¢) can be expressed as

@) = 2, (g, + Z,(t)q, + noise, 4)
where ¢; and q;; are called the associated correlation pat-
terns (ACPs) of y(#) as the coupled response to the POPs
of x(¢), and an overhead tilde (~) denotes the normalization
from y(2), z; and z;'(. We regard Eq. (4) as a suite of binary
linear regression equations, whose number is equal to the
number of dimensions of y(¢), where y(¢) is the response
factor, and Z; and Zj{ are the predictors. So, the ACPs, q; and
q,» regarded as the regression coefficients, can be obtained
by solving the linear regression equations.

The quasi-quadrennial POPs of the global SSTA are
obtained using POP analysis. In order to highlight the inter-
annual variability and remove the intraseasonal signal, the
monthly data of the global SSTA (60°S—60°N) are filtered
using a low-pass nine-point Gaussian filter. As for the fil-
tered SSTA field, the spatial degrees of freedom (Fraedrich
et al. 1995) are 16.745. In the EOF (empirical orthogonal
function) expansions, the cumulative explained variance of
the first 16 principal components reaches 76.565%, which
is enough to express the SSTA interannual variability. To
reduce the spatial degrees of freedom, only the first 16
principal components are selected and introduced into the
POP analysis calculation. Table 1 shows the evaluation

indicators of the eight pairs of POPs obtained. The first pair
of POPs, with a period of 45.701 months, i.e., the quasi-
quadrennial scale, has the greatest explained variance per-
centage (28.475%) and the greatest biasing factor (0.534).
Figure 2 shows the quasi-quadrennial POPs and their time
coefficients, including the real part and imaginary part. The
power spectra for the time coefficients show that both the
real part and the imaginary part peak at 48 months (Fig. 3).
All these results indicate that the quasi-quadrennial POPs
are the dominant evolutionary mode for the interannual
variability of the global SSTA.

The linkages between the climate anomalies over East
Asia and the quasi-quadrennial POP of the global SSTA
are attained by employing ACP analysis. Since the interan-
nual variability of circulation and precipitation anomalies
strongly depend on the seasonal climatology, the ACPs of
the four seasons are calculated from the seasonal-mean time
coefficients of the quasi-quadrennial POPs, respectively.

In a cycle, the evolution of the POPs is

It g/l el /g /RS )

and the corresponding evolution of the ACPs is

It el L S ©

In fact, the quasi-quadrennial oscillations do not follow
a strictly regular quadrennial period (Fig. 2c). In order to
reconstruct the evolution of vector time series in a cycle,
ideal time coefficients of trigonometric functions are
designed artificially as

Z(t) = V20" sin 2 t/T), 7(t) = V20  cos @z t/T), t € [0, T],

_ (7
where ¢” and o' are the standard deviations estimated from
observations, and T is the oscillation period (Fig. 4). For an
ideal quadrennial scale, we set T = 48 in Eq. (7). Note that
the correlation coefficient between the real time coefficient
and the Nifio3 index is 0.929. The real part mainly reflects
the ENSO cycle. The real time coefficient often peaks in
December (Fig. 2c), with an obvious phase-lock feature,
which is consistent with when the warm SSTA peaks
at the end of the calendar year in an El Nifio event (Ras-
musson and Carpenter 1982). So, we let £ =0 in Eq. (7)
correspond to December in Year(0) and the real ideal
time coefficient peak in December in Year(1). The ideal

Table 1 Evaluation indicators No 1 5 3 4 5 6 7 8
of the principal oscillation .
patterns Period (month)  45.701  28.872  102.241 52571  226.445 69.392  155.577 1648.545
Explained vari-  28.475  26.091 19.000  13.499 11.636  11.304 10.604 10.512
ance percent-
age
Biasing factor 0.534 0.511 0.436 0.367 0.341 0.336 0.326 0.324
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Fig. 2 Quasi-quadrennial POPs of the global SSTA: the a real part
and b imaginary part of the spatial pattern; c the real and imaginary
parts of the time coefficients; and d the explained variance ratio per-

quadrennial period is separated into four phases (Fig. 4).
Every phase starts in December and ends in November of
the following year, which consists of four seasons [win-
ter—spring—summer—autumn, or DJF (December, January,
February)-MAM (March, April, May)-JJA (June, July,
August)-SON (September, October, November)]. Accord-
ing to the evolution of the real part of the ideal time coef-
ficient, we define the four phases as the positive developing
phase, the positive decaying phase, the negative developing
phase, and the negative decaying phase, in turn. Replacing
the time coefficients in Eqs. (3) and (4) with Eq. (7) enables
us to obtain the ideal quadrennial evolution of the recon-
structed components of the POPs and ACPs in a cycle.

As for the response patterns of circulation and precipi-
tation derived from the reconstructed components of the
ACPs and the results of the AGCM numerical simulations,
in this study we focus on comparing the developing stage
[DIJF(0)-MAM(0)-JJA(0)-SON(0)] and the decaying stage
[DIF(1)-MAM(1)-JJA(1)-SON(1)]. They originate from
the positive developing phase minus the negative develop-
ing phase, and the positive decaying phase minus the nega-
tive decaying phase, respectively.

2.3 AGCM and experimental design

The AGCM used in this study is the finite-volume atmos-
pheric model (FAMIL), which is developed by the TAP/

0

308
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0 30E B0E 90E 120E 150E 180 150W 120W 90W 60W 30W 0

[ T T I | S I
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centage (units: %, defined by the variance ratio between the recon-
structed components and the integrated fields)

LASG (Institute of Atmospheric Physics/State Key Labo-
ratory of Numerical Modeling for Atmospheric Sciences
and Geophysical Fluid Dynamics) (Zhou et al. 2012, 2015;
Yu et al. 2014). The FAMIL version with a finite-volume
dynamical core is chosen in the present study. Also, we
choose the horizontal resolution of C48 (1.875°x 1.875°;
about 200 km) and 32 vertical levels, whose top level is
2.16 hPa. Its physical parameterizations are identical to
those in the introduction provided by Hu and Duan (2015).
FAMIL has been widely employed in investigating the
Asian monsoon and Tibetan Plateau meteorology (Liu
et al. 2004; Wu et al. 2012; Duan et al. 2013; Hu and Duan
2015). It shows reasonable ability in simulating the Asian
climate in terms of the annual periodic climatology and
interannual variability. In the FAMIL control experiment,
the seasonal evolutions in an annual cycle of the low-level
circulation and precipitation, in terms of the climatological
mean state, display an overall close similarity with obser-
vations (Fig. 5). Also, FAMIL can reproduce the dominant
systems of the Asian winter and summer monsoons well.
Howeyver, in terms of model bias, in the four seasons, the
low-level velocity is overestimated over the tropical Indian
Ocean and Northeast Asia, and the precipitation is overes-
timated over the tropical Indian Ocean and the Tibetan Pla-
teau. Compared with observations, the main rainfall band
over East Asia shifts northwards slightly in simulations
from spring to summer, while it is underestimated in fall.
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Fig. 3 Power spectra for the time coefficients of the quasi-quadren-
nial POPs using the Blackman—Tukey method: a real part; b imagi-
nary part (the long dashed lines indicate the 99% confidence level in
the red noise significant test, and the short dashed lines indicate the
99% confidence level in the white noise significant test)

(@) Ideal time coefficient

TN T TR T TR T B | |

150 ] | | | o
wd 1 | 2 | 3 | 4 L

J | | | r
R < | T

0 ] ~~.) | | -

] ISseo I = E

-50 1 B s ‘ -
100 3 Real | | | E

o | m— Imagina}y } } E

-150 T T T T T T T T T T

Dec’ Jun' Dec' Jun® Dec® Jun® Dec® Jun* Dec*

Fig. 4 Ideal time coefficients with a quadrennial period, in which
the solid curve denotes the real part and the dashed curve denotes the
imaginary part, and four separate phases are indicated by the vertical
dashed lines

To verify the impacts of the global SSTA quasi-quad-
rennial POPs on the circulation and precipitation anoma-
lies over East Asia, three groups of AGCM numerical
experiments are designed and performed (Table 2). The
AMIP2 experiment (AMIP: Atmospheric Model Inter-
comparison Project) is performed to estimate the standard
variances of the circulation and precipitation in simulation
results when forced by the SSTA on natural variability. The
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control experiment (CTL) is performed for the evaluation
of the model as mentioned above. The sensitivity experi-
ments (POP) are forced by the global SSTA (60°S—-60°N)
reconstructed from the ideal quadrennial POPs as shown in
Fig. 6, but with monthly evolution, and whose time integra-
tion length is 80 years (containing 20 cycles). The ampli-
tude of oscillation is enlarged to two times the standard
deviation of natural interannual variability. A 25-point spa-
tial running average is employed along 60°S and 60°N to
smooth the discontinuous gradient.

3 The global SSTA quasi-quadrennial POPs

3.1 Spatial and temporal features

The real part of the global SSTA quasi-quadrennial POPs
shows an El Nifio-like pattern (Fig. 2a). A warm SSTA
is found in the tropical central-eastern Pacific, the east-
ern North Pacific, and the tropical North Atlantic, and
expands from the Indian Ocean to the South China Sea. A
cold SSTA extends from central South Pacific via the tropi-
cal western Pacific to the central Pacific. For the imagi-
nary part, the Indian Ocean, the western Pacific, and the
Atlantic, mainly display a cold SSTA (Fig. 2b). The areas
exceeding 40% in the variance ratio percentage pattern are
consistent with the high value centers in the real part. So,
the real part contributes the most variance to the quasi-
quadrennial POPs.

Figure 6 shows the seasonal evolution of the global
SSTA reconstructed from the ideal quadrennial POPs. In
the positive developing phase, a warm SSTA in the tropi-
cal central and eastern Pacific is developing gradually
from winter to autumn, and peaks in the following winter.
It shows a delayed-type El Nifio in the positive decaying
phase, which remains a warm SSTA to summer (Ren et al.
2016). In the positive developing phase, the SSTA in the
tropical Indian Ocean starts as a cold IOBM in winter, and
then develops to an IOD during spring to summer, which
peaks in autumn before disappearing rapidly. In the posi-
tive decaying phase, a warm IOBM persists from winter to
autumn. The North Atlantic mainly features a positive—neg-
ative—positive tripole pattern in the positive developing
and decaying phase. The seasonal evolution in the negative
phase is in accordance with the positive phase, but with an
opposite sign.

3.2 Different role of the real and imaginary parts

The ACPs of circulation and precipitation in the
four  seasons  (winter—spring—summer—autumn,  or
DJF-MAM-JJA-SON) display distinct characteristics,
which are attributable to the phase locking of the SSTA



Impacts of the global sea surface temperature anomaly on the evolution of circulation and... 4083

DJF

15N

158
60N

45N

30N

MAM

15N

158
60N

45N

30N

JJA

15N

158
60N

45N

30N

SON

(b) FAMIL (¢) FAMIL minus OBS

45E 60E 75E 90E 105E 120E 135E 150E 165E 45E 60E 75E 90E 105E 120E 135E 150E 165E 45E 60E 75E 90E 105E 120E 135E 150E 165E

I I I
0.5 1.0 2.0 4.0

6.0 8.0 10.0 15.0

|
60 -40 -20 -10 -05

Fig. 5 Seasonal evolution of the climate mean 850-hPa horizontal
wind velocity and precipitation, in a observation (left panels), b the
control run of FAMIL (middle panels), and ¢ their difference fields
(right panels) [the units for wind speed and precipitation are m s

I I
0.5 1.0 2.0 4.0 6.0

and mm day~, respectively; the gray bold curves represent altitude
above 1500 m; the blue bold lines over East Asia represent the Yang-
tze River and Yellow River from south to north (the same in subse-
quent figures)]

Table 2 Design of the

AGCM numerical simulation Experiment Design Iptegra-
X tion length
experiments (years)
AMIP2 Global SST/sea ice prescribed by AMIP2 from 1979 to 2009 31
CTL Annual periodic climatological monthly SST/sea ice 30
POP Addition of the ideal quadrennial POPs of the global SSTA 80
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Fig. 6 Seasonal evolution of the global SSTA reconstructed from the ideal quadrennial POPs

evolution and the distinct climatological mean states of
the four seasons. The relationship derived from the real
part of the global SSTA quasi-quadrennial POPs (Fig. 7) is
stronger than that from the imaginary part (Fig. 8). They
reveal that the global SSTA quasi-quadrennial POPs have
significant relationships with the global-scale anomalies of
circulation and precipitation.

For the real part of the ACPs (Fig. 7), all year round, the
mainly warm SSTAs in the tropics lead to the significant
positive anomalous geopotential height at 200 hPa, due to
global large-scale heating. Anomalous westerlies prevail
over the boreal subtropics, resulting from the quasi-geos-
trophic equilibrium with the anomalous geopotential height
gradient. Typical Matsuno—Gill (Matsuno 1966; Gill 1980)
pattern responses can be found over the tropical Pacific and
Indian Ocean, where anomalous anticyclones on both sides
of the equator are the Rossby wave response to anomalous
heating in the tropics. Over the tropical central Pacific,
the anomalous lower-level convergent westerly and the
anomalous upper-level divergent easterly associated with
the positive anomalous precipitation construct the ascend-
ing branch of Walker circulation. Over the Maritime Con-
tinent, the convergence induced by the northwesterly and
the southwesterly in the upper troposphere results in the
subsidence branch of Walker circulation and the weaken-
ing of precipitation. At 200 hPa, the Pacific-North Amer-
ica (PNA) teleconnection pattern is characterized by the
anomalous positive—negative—positive geopotential height,
as well as the anomalous anticyclone—cyclone—anticyclone
circulation from the Pacific to North America (Trenberth
et al. 1998; Alexander et al. 2002). The PNA pattern is par-
ticularly prominent in winter, relatively weak in spring and
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autumn, and negligible in summer. Note that the ACPs in
East Asia vary from winter to autumn. For the upper-level
circulation, in winter, the dipole pattern with the anomalous
negative—positive geopotential height is associated with
anomalous cyclone—anticyclone circulation from south to
north. In spring, a southwestern—northeastern slanted posi-
tive—negative—positive—negative wave-like pattern expands
from the Indian Ocean to Northeast Asia, accompanied by
an anomalous cyclone over the southern part of China and
an anomalous anticyclone over Northeast Asia. This pattern
is similar to that found when forced by the warm spring
IOBM (Liu and Duan 2017). In summer, the tropics and
mid-latitudes show a positive—negative seesaw pattern of
anomalous geopotential height, which enhances the South
Asian high and the westerly East Asian jet. In autumn, the
tropics, subtropics and mid-latitudes show a positive—nega-
tive—positive pattern from south to north. In the lower trop-
osphere, the western North Pacific anomalous anticyclone
persists from winter to autumn, in association with the
enhanced and western-expanded western North Pacific sub-
tropical high, which induces the anomalous southwesterly
wind and the positive anomalous precipitation from South
China to South Japan.

For the imaginary part (Fig. 8), the overall relationship
is weaker than that of the real part. Note that in summer,
the anomalous cyclone associated with the enhanced pre-
cipitation is found over the Philippine Sea. Concurrently,
the weakened southwesterly over southern China leads to
the suppressed main rainfall band from the Yangtze River
to southern Japan, which is in accordance with the negative
phase of the leading mode of the East Asian summer mon-
soon (Wang et al. 2008b).
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Fig. 7 The real part of the ACPs of a 200-hPa geopotential height
and 200-hPa horizontal velocity (left panels) and b precipitation and
850-hPa horizontal velocity (right panels) [in a the 200-hPa geo-
potential height is depicted by contours with an interval of 0.2 (black
contours are zero; purple contours are positive; blue contours are
negative; yellow shading denotes the 95% confidence level), and the

4 Responses of circulation and precipitation
in the developing and decaying stages

4.1 ACP analysis for observations

Figures 9 and 10 show the seasonal evolution of the recon-
structed components of the ACPs of circulation and pre-
cipitation in an ideal quadrennial cycle in the developing
and decaying stages, respectively. In the tropical Indian
Ocean—western Pacific, the geopotential height anomalies
are linked with the SSTA patterns. Because, according to
static equilibrium, in the vertical direction the geopoten-
tial height is proportional to the integration of air-column
temperature, the large-scale heating induced by the global
SSTA contributes to the upper-level geopotential height
anomaly to a considerable extent. So, the cold IOBMs
from DJF(0) to MAM(1) are consistent with the anomalous
low. The development of the IOD from JJA(0) to SON(0)

I
-0.05

[
0.05 0.10 0.20

pee— |0
040  0.80 -

200-hPa horizontal velocity is depicted by vectors (red vectors denote
the 95% confidence level); and in b the precipitation is depicted by
shading (black dots denote the 95% confidence level) and the 850-hPa
horizontal velocity is depicted by vectors (red vectors denote the 95%
confidence level)]

is related to the high—low zonal gradient from the western
Indian Ocean to the Maritime Continent. In the decaying
stage, the warm IOBM and El Nifio induce the anomalous
high at 200 hPa.

The precipitation anomalies associated with the convec-
tion heating in the tropical Indian Ocean—western Pacific
can affect the circulation through tropical atmospheric
waves, i.e., Rossby waves and Kelvin waves. In DJF(0)
and MAM(O0), the suppressed precipitation from the tropi-
cal Indian Ocean to the Maritime Continent can induce the
descending Rossby wave response, displaying two low-
level anticyclones over the North Indian Ocean and the
Philippine Sea, where the upper level shows an anomalous
cyclone. In JJA(1), the suppressed precipitation from the
North Indian Ocean to the Maritime Continent is associ-
ated with an elongated anticyclonic ridge. From SON(0) to
MAM(1), the suppressed precipitation and low-level anti-
cyclone appear from the Arabian Sea via the Bay of Bengal
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Fig. 8 Asin Fig. 7 but for the imaginary part

to the Philippine Sea. Meanwhile, the rainfall in the south-
western Indian Ocean increases gradually. In JJA(1), the
precipitation in the Indian Ocean is enhanced in associa-
tion with an anomalous low-level cyclone, while that in the
Philippine Sea is suppressed alongside an anomalous low-
level anticyclone. In the developing and decaying years,
anomalous northwesterly and southwesterly flow prevail in
the upper troposphere of the tropical Indian Ocean—west-
ern Pacific, whose convergences constitute the downward
branch of Walker circulation and shift from the Indian
Ocean via the Maritime Continent to the western Pacific.

In East Asia, from DJF(0) to SON(0), southern China
gets wetter but other regions get dryer. From DJF(1) to
MAM(1), the precipitation in most regions of East Asia
is above normal. In JJA(1), the main rainfall band mean-
dering from the Yangtze River to South Japan is enhanced
obviously. For the anomalous low-level circulations, the
anomalous Philippine Sea anticyclone appears in DFJ(0)
and MAM(0), but is replaced by an anomalous cyclone in
JJA(0), then reappears in SON(0), and persists in the decay-
ing year. Besides, an anomalous cyclone occurs in North-
east Asia in MAM(0) but weakens in JJA(0). Subsequently,
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it develops over the Yangtze River—Yellow River from
SON(0) to MAM(1), and peaks in Northeast Asia in
JJA(1). In the upper troposphere, in SON(0), an anomalous
low, together with an anomalous cyclone, expands from the
Iranian Plateau via the Tibetan Plateau to the East China
Sea. In DJF(1), an almost meridional symmetrical dipole
of anomalous low-high pressure, with a cyclonic—anticy-
clonic anomaly, controls East Asia. In MAM(1), this anom-
alous low-high pattern slants from southwest to northeast.
In JJA(1), enhanced westerly flow prevails over the sub-
tropics and the geopotential height anomaly shows a posi-
tive—negative seesaw pattern between the tropics and the
mid-latitudes.

4.2 Response in numerical simulations

Figures 11 and 12 show the results of the AGCM numeri-
cal simulation forced by the ideal quadrennial POPs of the
global SSTA in the developing and decaying stages, respec-
tively. The results from the numerical simulations verify
that the global SSTA has a significant impact on the cir-
culation and precipitation anomalies. The responses show
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Fig. 9 Seasonal evolution in the developing stage of the recon-
structed components of the ACPs derived from observations, in
which results originate from the normalized differences between the
positive and negative phases in a quadrennial cycle: a 200-hPa geo-

overall similarity with the reconstructed components of the
ACPs, albeit with some differences, such as the southward
shift of the upper-level circulation patterns in East Asia in
DJF(0), and their westward shift in MAM(0).

The anomalous Philippine Sea anticyclone is a cru-
cial system for connecting the SSTAs in the tropics to the

potential height [contours, with an interval of 0.5 (black contours are
zero; purple contours are positive; blue contours are negative)] and
200-hPa horizontal wind (vectors); b precipitation (shading) and 850-
hPa horizontal wind (vectors)

East Asian monsoon (Huang and Wu 1989; Chang et al.
2000; Wang et al. 2000; Xie et al. 2016). From DJF(0) to
MAM(0), the cold SSTAs with suppressed precipitation
over the western Pacific stimulate Rossby wave responses
with low-level anomalous anticyclones and upper-level
anomalous cyclones over the Philippine Sea. In JJA(0),
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Fig. 10 As in Fig. 9 but for the decaying stage

however, the lower troposphere over the Philippine Sea
displays an anomalous low-level cyclone rather than an
anticyclone. The reduced atmospheric diabatic heating
associated with suppressed precipitation over the tropical
Indian Ocean contributes to its formation via eastward-
propagating cold Kelvin waves (Xie et al. 2009). El Nifio
induces the anomalous westerly as part of the Walker cir-
culation over the tropical western and central Pacific (Wang
and Zhang 2002). Both contribute a strong positive shear
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vorticity over the Maritime Continent, which enhances the
cyclonic anomaly and thus the precipitation over the Phil-
ippine Sea. In addition, the reduced Tibetan Plateau heat-
ing related to suppressed precipitation in JJA(0) might to
a certain degree be responsible for the development of the
anomalous Philippine Sea cyclone, via a Rossby wave train
propagating along the South Indian Monsoon westerly
(Wang et al. 2008a, 2014; Hu and Duan 2015). In SON(0),
the anomalous Philippine Sea anticyclone establishes
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Fig. 11 Seasonal evolution in the developing stage of the responses
to the global SSTA forcing, with ideal quadrennial POPs, in the
FAMIL sensitivity experiment, in which results originate from a
20-cycle mean of the normalized differences between the positive
and negative phases: a 200-hPa geopotential height [contours, with
an interval of 1.0 (black contours are zero; purple contours are posi-

rapidly, resulting from the combined impacts of remote El
Nifio forcing, extratropical-tropical interaction, and local
air—sea interaction in intraseasonal oscillation processes
(Wang and Zhang 2002). The descending motion forced
remotely by the central Pacific warming, and the in situ

030 075 150 3.00

tive; blue contours are negative; yellow shading denotes the 95%
confidence level)] and 200-hPa horizontal wind [vectors (red vectors
denote the 95% confidence level)]; b precipitation [shading (black
dots denote the 95% confidence level)] and 850-hPa horizontal wind
[vectors (red vectors denote the 95% confidence level)]

cool SSTA, result in the suppressed convective heating,
which induces a Rossby wave response associated with
the anomalous anticyclone (Wang et al. 2000). It starts to
develop over the South China Sea in SON(0), peaks over
the Philippine Sea in DJF(1), and extends to the western
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Fig. 12 As in Fig. 11 but for the decaying stage

North Pacific and North Indian Ocean, persisting from
MAM(1) to SON(1) throughout the decaying stage. These
features are in accordance with the ENSO-related results
obtained by Wu et al. (2003). In MAM(1), the in situ wind-
evaporation-SST feedback mechanism over the western
North Pacific favors its maintenance (Wang et al. 2000,
2003). A tropical Indian Ocean warming with a one-season
lag behind the El Nifio results from the surface heat flux
adjustments without ocean dynamics, because the tropical
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circulation induced by ENSO reduces the cloud cover and
evaporation (Klein et al. 1999; Alexander et al. 2002; Lau
and Nath 2003; Tokinaga and Tanimoto 2004). In JJA(1)
and SON(1), the anomalous easterly flow on the south flank
of the westward-extended anomalous anticyclone over the
Indian Ocean—western North Pacific weakens the prevailing
southwest monsoon. The reduction in surface evaporation
results in continuous warming in the North Indian Ocean
(Du et al. 2009). Meanwhile, the atmospheric convective
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heating induces the anomalous easterly flow over the Mari-
time Continent and enhances the anomalous anticyclone
over the western North Pacific via the eastward-propagat-
ing warm Kelvin wave and Ekman divergence (Xie et al.
2009). This cross-basin coupled mode and its air—sea inter-
action mechanism support the concurrence of the anoma-
lous western North Pacific anticyclone and the warming of
the IOBM (Kosaka et al. 2013).

In the upper troposphere over East Asia, a significant
anomalous cyclone with an equivalent barotropic vertical
structure develops over Northeast Asia in MAM(0), then
shifts southwestwards to the Tibetan Plateau from JJA(O)
to MAM(1) before retreating northeastwards from JJA(1) to
SON(1). Previous studies have documented that its south-
westwards motion in the developing stage of ENSO deepens
the East Asian trough, which triggers a cold-air outbreak
and energizes the anomalous Philippine Sea anticyclone in
SON(0). This is attributable to the Rossby wave response
to anomalous heating over the tropical central Pacific and
the surface cooling in Northeast Asia, and is linked with
the anomalous heating induced by ENSO over the western
North Pacific and South Asia (Wang and Zhang 2002; Wu
et al. 2003). Its evolution alongside a low-level anomalous
cyclone beneath, has a considerable impact on precipita-
tion anomalies in East Asia. In MAM(0), the anomalous
cyclone appears in the lower troposphere in Northeast Asia.
Climatologically, the convergence of the southwesterly
over southern China and the northwesterly over northern
China enhances the rainfall over southern China. In JJA(0),
the negative anomaly of the Tibetan Plateau heating can
induce an anomalous low-level anticyclone over Northeast
Asia via a stationary barotropic Rossby wave (Wang et al.
2008a, 2014; Hu and Duan 2015). This explains why the
anomalous low-level cyclone over Northeast Asia weakens
obviously in comparison with that in MAM(0). Following
the upper-level anomalous cyclone, the low-level anoma-
lous cyclone develops over the basin of the Yangtze River
and Yellow River in SON(0), resulting in suppressed rain-
fall over northern China and enhanced rainfall over south-
ern China. This shifts northwards from DJF(1) to MAM(1),
and the southeasterly to its eastern flank leads to a more
northward transportation of water vapor, which induces
the positive anomalies of precipitation over most parts of
East Asia. The anomalous cyclone peaks in northern China
in JJA(1). Attributable to the mechanical isolation of the
Mongolia Plateau and the Tibetan Plateau, the northwest-
erly flow enhances to their east. This induces convergence
of the warm and moist flow from the south and the cold
and dry flow from the north, and enhances the main rainfall
band of the East Asian summer monsoon from the Yangtze
River to Japan.

The comparison reveals a distinct difference in the anom-
alous response of circulation and precipitation in summer

between the developing and decaying stages. The patterns
of low-level circulation and precipitation remain similar
from MAM(1) to SON(1). However, the low-level anoma-
lous cyclone over Northeast Asia disappears in JJA(0), in
comparison to that in MAM(0), and reappears in SON(0).
Meanwhile, the anomalous Philippine Sea cyclone replaces
the anomalous anticyclone in MAM(0) and SON(0). But
why do the patterns of evolution break off in summer of
the developing stage? As explained in the following, the
different external remote forcing state can account for
these different responses in summer in the developing and
decaying stages. The El Nifio is developing and decaying
in two separate stages. In JJA(O) and JJA(1), the anomalies
of atmospheric heating over the Indian Ocean are opposite.
In JJA(0), the negative anomalous heating over the inte-
gral Tibetan Plateau facilitates an anomalous anticyclone
over Northeast Asia and an anomalous cyclone over the
Philippine Sea. In JJA(1), the precipitation anomaly in the
Tibetan Plateau shows a positive—negative—positive pat-
tern from west to east. The anomalous patterns of circula-
tion and precipitation in East Asia are quite similar to the
response to the heat forcing over the central and eastern
Tibetan Plateau derived from the results of Hu and Duan
(2015). Therefore, our understanding of the responses in
a quasi-quadrennial cycle should take account of the com-
bined effects of the large-scale heating induced by the
global SSTA, the regional-scale oceanic forcing, the cross-
basin interaction of oceans, and the land heating feedback
in a framework of ocean—land—atmosphere interaction.

5 Summary
5.1 Conclusions

The present study reveals that the leading mode of the
global SSTA in terms of interannual variability is a quasi-
quadrennial oscillation pattern. During the evolution of
such a quasi-quadrennial cycle, an El Nifio event develops
in the tropical central and eastern Pacific and a cold IOBM
changes to an IOD in the tropical Indian Ocean in the
developing stage, while the El Nifio event decays gradually
and a warm IOBM appears in the decaying stage. Based
on multi-source observational data from 1979 to 2013, the
relationships between the global SSTA quasi-quadrennial
POPs and the evolutions of circulation and precipitation
in East Asia in terms of interannual variability are inves-
tigated through ACP analysis, which explores the different
responses in the developing and decaying stages. Results
from a numerical simulation in an AGCM verify the
robustness of the circulation and precipitation responses in
East Asia.
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Coupled with the variation of the global SSTA in a
quasi-quadrennial cycle, the evolutions of circulation and
precipitation anomalies in East Asia vary remarkably in
different seasons. From winter to autumn in the developing
year, southern China gets wetter, but the situation is oppo-
site in the north. In the decaying year, the precipitation over
most regions of East Asia is above normal from winter to
spring, and the main rainfall band from the Yangtze River
to South Japan is enhanced in summer. Corresponding to
the precipitation anomalies, an anomalous Philippine Sea
anticyclone occurs in winter and spring, but is replaced by
an anomalous cyclone in summer, before reappearing and
persisting from autumn to the decaying year. Moreover,
an upper-level anomalous cyclone gradually moves from
Northeast Asia to the Tibetan Plateau from spring in the
developing year to spring in the decaying year, and then
retreats back to Northeast Asia from summer to autumn in
the decaying year. In the lower troposphere, an anomalous
cyclone occurs over Northeast Asia in spring, which leads
to a cold-air to the south and converges with the anomalous
southwesterly flow induced by the anomalous Philippine
Sea anticyclone, resulting in the enhancement of rainfall in
spring over southern China. However, it weakens in sum-
mer, and strengthens again from autumn to the following
summer. In the decaying year, the anomalous low-level
East Asian cyclone contributes greatly to the enhanced
precipitation over northern China in winter and spring, as
well as the enhancement of the Yangtze River—South Japan
main rainfall band in summer. The anomalous cyclone in
East Asia, with an equivalent barotropic structure, couples
with the Philippine Sea anticyclone. In comparison to the
crucial effects of the anomalous Philippine Sea anticyclone
documented in previous studies, this study emphasizes the
important role of the anomalous cyclone at mid-latitudes,
especially from winter to summer in the decaying year.
Both play an important role in the precipitation anomaly
responses over East Asia to the global SSTA quasi-quad-
rennial POPs, via processes of tropics—subtropics—mid-lati-
tudes interaction.

The circulation patterns in summer of the developing
year are distinct from the continuous change in circula-
tion patterns in the decaying year. In the developing year,
the anomalous low-level cyclone over Northeast Asia in
summer is weaker than that in spring, and the anomalous
Philippine Sea cyclone in summer replaces the anomalous
anticyclone in spring. Subsequently, both the anomalous
Northeast Asia cyclone and the anomalous Philippine Sea
anticyclone reappear and develop in autumn. The abrupt
change in circulation patterns in summer of the developing
year is possibly related to the anomalous weakening of the
Tibetan Plateau heating, which can induce an anomalous
equivalent barotropic anticyclone over Northeast Asia via a
quasi-stationary Rossby wave, and facilitate the anomalous
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Philippine Sea cyclone via a Rossby wave along the South
Asian monsoon westerly.

As the response to the global SSTA quasi-quadrennial
POPs, the anomalous cyclone in the mid-latitudes of East
Asia can be attributed to global large-scale heating and
Tibetan Plateau thermal feedback. The remote forcing
of the Indian Ocean—Pacific and the local air—sea inter-
action together modulate the anomalous Philippine Sea
anticyclone/cyclone. The different SSTA modes in the
Indian Ocean and the developing/decaying phase of El
Nifio events in the Pacific contribute to the asymmetrical
response in the developing and decaying stages. Therefore,
these anomalies can be attributed to the combined effects
of global large-scale heating, regional oceanic forcing, and
the thermal feedback of the land.

5.2 Discussion

We suggest in the present study that the feedback of the
Tibetan Plateau heating from the global SSTA forcing in
summer plays a crucial role in modulating the circulation
and precipitation over East Asia. In quantitative terms, the
contributions of the Tibetan Plateau thermal forcing in the
developing and decaying stages need further investigation.
On the other hand, how the global SSTA impacts upon
the Tibetan Plateau heating and the relevant mechanisms
involved still remain unclear. To a certain degree, the global
quadrennial SSTA POPs derived from observations are the
result of air—sea interaction, and hence further experiments
based on an air—sea coupled model are desirable to further
clarify the contribution of air—sea feedback.

Previous studies have suggested that interdecadal
changes can affect the relationship between ENSO and the
interannual variability of the EAM in certain seasons and
regions, especially before and after the late 1970s (Wu and
Wang 2002; Wu and Mao 2016). Since the observational
data used here span from 1979 to 2013, the global quadren-
nial SSTA POPs and their impacts on the interannual vari-
ability of the EAM revealed in this study can only reflect
their relationships after the late 1970s. Therefore, the com-
bined effect of interdecadal changes and the interannual
variability of the global SSTA on East Asian climate is also
a planned avenue of future work for our group.
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