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Abstract
Based on an intermodel empirical orthogonal function (EOF) analysis, this study has investigated the dominant modes of
northwest Pacific (NWP) circulation anomalies during post-ENSO summer and their SST dependence involved in 47 Coupled
Model Intercomparison Project phase 3 and phase 5 models. The first EOFmode, explaining 33.3% of total intermodel variance,
features an anomalous cyclone over the tropical NWP and is controlled by the positive SSTanomalies over the equatorial western
Pacific (WP). The equatorial WP warming enhances local convection with lower- (upper-) level convergence (divergence), and
the anomalous cyclone is a direct Rossby wave response to positive rainfall anomalies there. The second EOF mode, explaining
24.6% of total intermodel variance, is characterized by an anomalous NWP anticyclone (NWPAC). The related SST anomalies
show warming in the tropical Indian Ocean (TIO) and equatorial central and eastern Pacific (CEP) and cooling in the NWP. The
TIO (CEP) warming induces local wet anomalies, which trigger eastward (westward) Kelvin (Rossby) wave, resulting the
adjustment of large-scale circulation. The resultant lower- (upper-) level divergence (convergence) suppresses convection over
the NWP, inducing the anomalous NWPAC as a Rossby wave response. The NWP cooling influences NWPAC via positive
thermodynamic feedback between local SST and circulation anomalies. Model results further confirm the role of leading mode-
related SST anomalies affecting the simulation of NWP circulation.

1 Introduction

Boreal summer is the major rainy season in East Asia, and the
East Asian summer monsoon has considerable socioeconomic
impacts on this highly populated region. The prominent mode
of interannual variation of East Asian summer monsoon is
characterized by an anomalous lower-level anticyclone over
the northwest Pacific (NWP; Chang et al. 2000; Wang et al.
2008), which is highly dependent on El Niño-Southern

Oscillation (ENSO) activity (Zhang et al. 1996; Wang et al.
2000; Yang et al. 2007; Xie et al. 2009; Stuecker et al. 2013;
Hu et al. 2014; Stuecker et al. 2015; Wu et al. 2017a, b; Xie
and Zhou 2017). Thus, the NWP anticyclone (NWPAC) is an
important circulation system that connects ENSO and East
Asian summertime climate (Wu et al. 2003; Wu et al. 2009a;
Hu et al. 2012; Chen et al. 2014; Xie et al. 2016; Zhang et al.
2016; Hu et al. 2017; Tao et al. 2017; Dong et al. 2018; Gong
et al. 2018a).
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The NWPAC often develops in late fall of the year
when El Niño matures (Zhang et al. 1996; Wang et al.
2000; Stuecker et al. 2015; Wu et al. 2017a, b), and
persists into the following summer (Wu et al. 2003;
Wu et al. 2009a; Xie et al. 2009; Xie et al. 2016; Xie
and Zhou 2017). Numerous studies have explored mech-
anisms for the formation and maintenance of the
NWPAC at different phases of El Niño. From El Niño
developing fall to decaying spring, the NWPAC de-
velops rapidly (Zhang et al. 1996; Wang et al. 2000;
Stuecker et al. 2015; Wu et al. 2017a, b). On one hand,
the Rossby wave cyclonic anomalies induced by El
Niño-related positive sea surface temperature (SST)
anomalies over the equatorial central and eastern
Pacific (CEP) advect dry and low moist enthalpy air
into the NWP, which drive the NWPAC through sup-
pressed convection (Wu et al. 2017a). Alternatively,
Stuecker et al. (2013) and Stuecker et al. (2015) pro-
posed the combination mode, which emphasizes non-
linear interactions of atmospheric response to slow evo-
lution of equatorial CEP SST anomalies with the back-
ground annual cycle in the rapid growth of NWPAC.
On the other hand, the NWPAC is a Rossby wave re-
sponse to local SST cooling, and the northeasterly wind
anomalies at its east flank superimposed on the north-
easterly trade winds reinforce initial cold SST anomalies
through evaporation, forming a positive thermodynamic
feedback between SST and circulation anomalies (Wang
et al. 2000; Wang and Zhang 2002; Wu et al. 2017b).

With the decay of equatorial CEP and NWP SSTanomalies,
the tropical Indian Ocean (TIO) SST gradually warm up due to
El Niño-induced atmospheric and oceanic processes (Lau and
Nath 1996; Klein et al. 1999; Chiang and Sobel 2002; Xie et al.
2002; Chowdary and Gnanaseelan 2007; Wu et al. 2008; Du
et al. 2009;Wu and Yeh 2010; Tao et al. 2014; Tao et al. 2015b;
Chowdary et al. 2016), and mainly contribute to the mainte-
nance of NWPAC from El Niño decaying spring to summer
(Watanabe and Jin 2002; Yang et al. 2007; Xie et al. 2009; Wu
et al. 2010; Yang et al. 2010; Chowdary et al. 2011; Chen et al.
2016; Xie and Zhou 2017). The TIO warming induces a warm
tropospheric Kelvin wave response eastward in atmosphere
(Yang et al. 2007; Xie et al. 2009; Yang et al. 2010). The
resultant northeasterly winds and lower-level divergence sup-
press convection, and further maintain the NWPAC (Xie et al.
2009). Recently, Xie and Zhou (2017) illustrated that the TIO
warming and NWP cooling form the Indo-northwest Pacific
Ocean capacitor mode, which anchors the NWPAC.

The abovementioned mechanisms pose a challenge for the
coupled ocean-atmosphere general circulation models
(CGCMs) to simulate the NWPAC realistically. Based on out-
puts of the World Climate Research Programme’s (WCRP’s)
Coupled Model Intercomparison Project (CMIP) phase 3 and
phase 5 (CMIP3 and CMIP5) models, Tao et al. (2015a) found

that the simulated NWPAC during the post-ENSO summer is
weaker and shifts more northward than observations, and this
difference is attributed to unrealistic SSTanomalies in the equa-
torial western Pacific (WP). Further analysis using intermodel
empirical orthogonal function (EOF) analysis illustrated the
two leading modes of NWPAC biases among CMIP5 models
(Tao et al. 2018). However, Tao et al. (2018) were based on
CMIP5 models, and will the leading modes vary among
CMIP3/CMIP5 models? Besides, Tao et al. (2018) focused
on exploring the origins of ENSO-related SST biases, and brief-
ly discussed the relationship between NWPAC and SST biases.
It is necessary to further study the detailed processes involved
in SST biases affecting NWPAC biases. In present study, the
dominant modes of simulated NWPAC during the post-ENSO
summer and their SST dependence are re-examined by using
CMIP3/5 models. Note that there does not show a prominent
difference between CMIP3 and CMIP5 models regarding the
simulation of ENSO (Bellenger et al. 2014) and Indo-Pacific
SST pattern during ENSO decaying phase (Tao et al. 2015a);
thus, all models are put together to form a larger ensemble.

The rest of the paper is organized as follows. Data and
methodology used are described in Section 2. Section 3 per-
forms statistical diagnoses and numerical experiments to in-
vestigate the two leading modes of NWPAC simulations and
their SST dependence. Section 4 provides the summary of the
main findings.

2 Data and methodology

We use the CMIP3 climate of twentieth century (20C3M) and
CMIP5 historical scenario simulations in this study. The
20C3M experiments were conducted based on observed history
of anthropogenic and natural forcing from 1900 to 1999, while
the CMIP5 historical experiments are from 1870 to 2006. The
detailed information can be found in the following web site:
http://cmip-pcmdi.llnl.gov/. In this study, 30 years of
simulations covering 1970–1999 from 15 CMIP3 and 32
CMIP5 models are used and consistent with Tao et al.
(2015a). Table 1 lists the names, institutions, and countries of
models. Monthly mean outputs are used, including SST, pre-
cipitation, 200 hPa geopotential height, 200 hPa winds, and
850 hPa winds. Only one member (“r1i1p1”) of each model
simulations is analyzed. The observational and reanalysis
datasets include the following: (1) Hadley Centre Sea ICE
and Sea Surface Temperature dataset (HadISST) with 1° × 1°
horizontal resolution covers the period from January 1870 to
the present (Rayner et al. 2003); (2) NOAA’s Precipitation
Reconstruction (PREC) with 2.5° × 2.5° horizontal resolution
covers the period from January 1948 to the present (Chen et al.
2002); (3) Monthly 200 hPa geopotential height, 200 hPa
winds, and 850 hPa winds from the NCEP/NCAR reanalysis
product with 2.5° × 2.5° horizontal resolution covers the period
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Table 1 The CMIP models used in this study. Nos. 1–32 are CMIP5 models and Nos. 33–47 are CMIP3 models

No. Model name Institute (country)

1 ACCESS1.0 Commonwealth Scientific and Industrial Research Organisation and Bureau of Meteorology (Australia)

2 BCC-CSM1.1 Beijing Climate Center (China)
3 BCC-CSM1.1-M

4 CanCM4 Canadian Centre for Climate Modelling and Analysis (Canada)
5 CanESM2

6 CCSM4 National Center for Atmospheric Research (USA)
7 CESM1-BGC

8 CESM1-CAM5

9 CESM1-FASTCHEM

10 CESM1-WACCM

11 CMCC-CM Centre National de Recherches Météorologiques/Centre Européen de Recherche et Formation Avancée en Calcul
Scientifique (France)

12 CNRM-CM5 Centre National de Recherches Meteorologiques (France)

13 CSIRO-Mk3.6.0 Commonwealth Scientific and Industrial Research Organisation in collaboration with the Queensland Climate Change
Centre of Excellence (Australia)

14 FGOALS-g2 LASG, Institute of Atmospheric Physics, Chinese Academy of Sciences, and CESS, Tsinghua University (China)

15 GFDL-CM3 Geophysical Fluid Dynamics Laboratory (USA)
16 GFDL-ESM2G

17 GFDL-ESM2M

18 GISS-E2-R NASA Goddard Institute for Space Studies (USA)

19 HadGEM2-CC Met Office Hadley Centre (UK)
20 HadGEM2-ES

21 INM-CM4 Institute for Numerical Mathematics (Russia)

22 IPSL-CM5A-LR Institut Pierre Simon Laplace (France)
23 IPSL-CM5A-MR

24 IPSL-CM5B-LR

25 MIROC5 Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean Research Institute
(The University of Tokyo), and National Institute for Environmental Studies (Japan)26 MIROC-ESM

27 MIROC-ESM-CHEM

28 MPI-ESM-LR Max Planck Institute for Meteorology (MPI-M) (Germany)
29 MPI-ESM-MR

30 MRI-CGCM3 Meteorological Research Institute (Japan)

31 NorESM1-M Norwegian Climate Centre (Norway)
32 NorESM1-ME

33 bccr_bcm2_0 Bjerknes Centre for Climate Research (Norway)

34 cccma_cgcm3_1_t47 Canadian Centre for Climate Modelling and Analysis (Canada)

35 gfdl2_0 Geophysical Fluid Dynamics Laboratory (USA)
36 gfdl2_1

37 giss_aom NASA Goddard Institute for Space Studies (USA)
38 giss_model_e_h

39 giss_model_e_r

40 fgoals_g1_0 LASG, Institute of Atmospheric Physics, Chinese Academy of Sciences (China)

41 ipsl_cm4 Institute Pierre Simon Laplace (France)

42 miroc3_2_hires Center for Climate System Research (Japan)
43 miroc3_2_medres

44 mpi_echam5 Max Planck Institute for Meteorology (Germany)

45 mri_cgcm2_3_2a Meteorological Research Institute (Japan)

46 ncar_pcm1 National Center for Atmospheric Research (USA)

47 ukmo_hadgem1 Met Office Hadley Centre (UK)
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from January 1948 to the present (Kalnay et al. 1996). All
CMIP outputs and observational datasets are interpolated to a
uniform 2.5° × 2.5° grid by bilinear interpolation.

The monthly mean climatology is first calculated for the
study period. Then, interannual anomalies are computed as
the departure from the climatology. This study focuses on the
interannual variation, and we perform a 3-month running aver-
age to reduce intraseasonal variability and remove the least
squares trend in both model outputs and observations to extract
interannual signals. Hereafter, any month in the developing
years of ENSO is denoted by suffix (0), whereas any month
in the decaying years of ENSO is denoted by suffix (1). DJF
represents the seasonal mean in December–January-February,
and JJA represents the seasonal mean in June–July–August.
The Niño3.4 index is defined as SST anomalies averaged over
the region 5° S–5° N and 170°–120° W in D(0)JF(1). The
intensity of NWP circulation anomalies is defined as the differ-
ence of 850 hPa zonal winds between a southern region (5°–
15° N, 90°–130° E) and a northern region (22.5°–32.5° N,
110°–140° E), following Wang and Fan (1999). EOF, regres-
sion, and correlation analysis are used, and the significance
level is estimated based on the standard two-tailed Student’s t
test. Bias in present study represents the intermodel diversity.

3 Results

3.1 Leading modes of NWPAC biases

Figure 1a, b compares the NWP circulation anomalies during
post-ENSO summer in observations and CMIP MME. In ob-
servations, an anomalous anticyclone appears over the NWP
(Fig. 1a), while the NWPAC is much weaker with more

northward shift in CMIP MME (Fig. 1b). Besides, CMIP
MME simulates significant westerly anomalies over the equa-
torial WP, due to the unrealistic SST anomalies there (Tao
et al. 2015a; Jiang et al. 2017; Tao et al. 2018). Furthermore,
the intensity of NWP circulation anomalies in observations,
CMIPMME, and each CMIPmodel are shown in Fig. 1c. The
anomalous NWP circulation exhibits large intermodel diver-
sity among CMIP models. Most models simulate weaker
NWPAC than observations, and even cyclones rather than
anticyclones appear over the NWP in some models, resulting
weaker NWPAC in CMIP MME than observations
(Fig. 1b, c). To examine the intermodel spread of NWPAC
simulations, an intermodel EOF analysis is applied to the
850 hPa wind anomalies during post-ENSO summer over
the NWP (10° S–40° N, 90° E–170°W) for 47 CMIP models.
Figure 2a–d shows the regression of ENSO-related SST,
850 hPa wind, and precipitation anomalies during JJA(1) with
respect to the leading two PCs as well as the PCs. The vari-
ances explained by the first two EOF patterns are well sepa-
rated according to North et al. (1982). The leading modes
obtained by using CMIP3/5 models in present study are con-
sistent with those of CMIP5 models only (Fig. 2 of Tao et al.
2018).

The first intermodel EOF mode (EOF1), explaining 33.3%
of total variance, exhibits a meridional dipole structure of
circulation anomalies from the tropical WP to NWP
(Fig. 2b). There is an anomalous cyclone located over the
tropical NWP, and an anomalous anticyclone appears at its
northeast side. Correspondingly, significant positive SST
anomalies can be seen over the equatorial WP (Fig. 2a). The
relationship between PC1 and WP SST anomalies is further
documented in Fig. 3a, and the correlation coefficient between
them is 0.82 exceeding 99% significant level. Thus, for EOF1

a

c

b

Fig. 1 Regression of 850 hPa winds (m s−1) during JJA(1) with respect to
the normalized D(0)JF(1) Niño3.4 index in a observations and b CMIP
MME. c D(0)JF(1) Niño3.4 index regressed NWPAC anomalies during

JJA(1) in observations (red dashed line), CMIP MME, and 47 CMIP
models. Numbers 0 and 1–47 on abscissa of (c) represent the CMIP
MME and model numbers listed in Table 1, respectively

W. Tao et al.1812



mode, the anomalous cyclone indicates the weaker simulation
of NWPAC, and model with higher (lower) PC1 value or
warmer (colder) SST anomalies over the equatorial WP tends
to have a poorer (better) simulation of NWPAC.

The second intermodel EOF mode (EOF2), explaining
24.6% of total variance, displays a meridional tripole structure
of circulation anomalies: The cyclonic wind anomalies are
mainly concentrated over the tropical WP, an anomalous cy-
clone north of 30° N covers almost the whole north Pacific,
and the NWPAC appears between them (Fig. 2d). The SST
anomalies feature a tripole pattern over the Indo-Pacific sec-
tor, with warming over the TIO and equatorial CEP, and
cooling over the NWP (Fig. 2c). The PC2 is highly correlated

with SST anomalies in above three regions at 0.86, which
reaches 99% significant level (Fig. 3b). Note that the correla-
tion coefficients between PC2 and SST anomalies in any one
or two of the three regions are lower than that using all three
regions (Table 2). As a result, model with higher (lower) PC2
value or stronger (weaker) SST anomalies over the TIO, CEP,
and NWP indicates a stronger (weaker) NWPAC.

Based on multivariate regression, the diversity of NWP
circulation anomalies during post-ENSO is almost totally at-
tributed to the contribution of the leading two intermodel EOF
modes (Fig. 3c), which are tightly linked to the SST biases
over the equatorial WP and Indo-Pacific sector (Fig. 3d). The
leading PCs and SST biases could explain 94.4% and 58.3%

a c

b d

e

f

Fig. 2 Regression of D(0)JF(1) Niño3.4 index regressed SST (shaded,
°C), 850 hPa wind (vector, m s−1), and precipitation (shaded, mm)
anomalies during JJA(1) with respect to the normalized PC1 (top left
panels, a, b) and PC2 (top right panels, c, d) of intermodel EOF in 47
CMIPmodels. Green lattices and blue vectors indicate that the significant

level reaches 90%. Also shown are the standardized leading two PCs: e
PC1 and f PC2 (black solid lines), as well as the leading PCs for
intermodel SVD of D(0)JF(1) Niño3.4 index regressed 850 hPa wind
(red dashed lines) and SST anomalies (blue dotted lines). The explained
variances are given at the top right of panels
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of intermodel variance for NWP circulation anomalies, re-
spectively.We also apply an intermodel singular value decom-
position (SVD) analysis between NWPAC biases (10° S–40°
N, 90° E–170° W) and SST biases (20° S–20° N, 40° E–90°
W), and the leading PCs of SVD analysis are highly consistent
with that of EOF analysis (Fig. 2e, f), confirming the close
relationship between SST and NWPAC biases.

3.2 Role of SST biases

NWP circulation is sensitive to the tropical ocean status, and
there are two views to understand the involved dynamic pro-
cesses. On one hand, the anomalous atmospheric heating
caused by SSTanomalies induces NWP circulation anomalies
following Gill-response mechanism (Wang et al. 2000; Xie
et al. 2009; Fan et al. 2013; Karori et al. 2013; Chen et al.
2016). On the other hand, tropical SST anomalies drive the
adjustment of large-scale tropical circulation, including
Walker and Hadley circulation, which leads to anomalous
NWP circulation (Wu et al. 2009a; Wu et al. 2009b; Chung
et al. 2011; Chen and Zhou 2014; Gong et al. 2018b). Thus,
the possible role of SST biases affecting NWPAC biases is

analyzed in this subsection in order to investigate how these
two aspects work in first two EOF modes.

Figure 4a shows the PC1 regressed ENSO-related 200 hPa
geopotential height and wind anomalies during JJA(1). Owing
to the wet anomalies induced by the equatorial WP warming,
geopotential height anomalies display a Matsuno-Gill
(Matsuno 1966; Gill 1980) pattern, and a pair of Rossby
waves are triggered to the east as two off-equatorial maximum
centers (Figs. 2b and 4a). Upper-level easterly wind anomalies
dominate the Maritime Continent (MC) region, and an anom-
alous lower-level cyclone is triggered at the tropical NWP as a
direct Rossby wave response to the positive rainfall anomalies
there (Fig. 2b), which are accompanied by the local conver-
gence (divergence) at lower (upper) levels (Fig. 5a, b).

The PC2 regressed ENSO-related 200 hPa geopotential
height anomalies feature an off-equatorial maximum on either
side of the equator over the CEP and an equatorial maximum
to the east over the TIO, as the Matsuno-Gill (Matsuno 1966;
Gill 1980) patterns anchored by the CEP and TIO warming,
respectively (Fig. 4b). The CEP (TIO) warming affects
NWPAC through Rossby (Kelvin) wave-induced divergence
mechanism as observational La Niña cases (Chen et al. 2017;

a b

c d

Fig. 3 Scatter diagram of a PC1
(ordinate) and D(0)JF(1) Niño3.4
index regressed SST anomalies
over the equatorial WP (abscissa;
10° S–10° N, 150° E–170° W); b
PC2 (ordinate) and D(0)JF(1)
Niño3.4 index regressed SST
anomalies over the Indo-Pacific
sector (abscissa); c original
NWPAC intensity (ordinate) and
NWPAC intensity built by PC1
and PC2 (abscissa) based on
multivariate regression; and d
original NWPAC intensity
(ordinate) and NWPAC intensity
built by D(0)JF(1) Niño3.4 index
regressed SST anomalies over the
equatorial WP and Indo-Pacific
sector (abscissa) based on multi-
variate regression. The SST
anomalies over the Indo-Pacific
sector are calculated as the sum of
equatorial CEP (5° S–5° N, 170°
W–120° W) and TIO (20° S–20°
N, 40°–100° E) warming minus
NWP (10°–20° N, 130° E–180°)
cooling. Numbers represent the
model numbers listed in Table 1.
The blue, red, and black lines are
the best fit lines for the scatters of
CMIP3, CMIP5, and all CMIP
models, respectively. The corre-
lation coefficients of CMIP3,
CMIP5, and all CMIP models are
on the top corner of each figure

W. Tao et al.1814



Tao et al. 2017) and slow decaying El Niño cases (Jiang et al.
2019). The associated precipitation and large-scale circulation
anomalies exhibit tripole patterns: the negative rainfall anom-
alies with lower- (upper-) level convergence (divergence) are
clearly seen over the NWP and MC, and they are in conjunc-
tion with the positive rainfall anomalies and lower- (upper-)
level divergence (convergence) over the TIO and central
Pacific (Figs. 2d and 5c, d). Further, to examine the physical
mechanism involved in leading mode-related SST biases af-
fecting the simulation of NWP circulation, solutions to atmo-
spheric general circulation model (AGCM) are considered in
the next subsection.

3.3 Solutions to AGCM

Six simulations are conducted with different boundary condi-
tions by using the Max Plank Institute for Meteorology
AGCM (ECHAM5.3.2; Roeckner et al. 2003), and we adopt
a version with triangular truncation at zonal wavenumber 63
(T63; equivalent to 1.9° horizontal resolution) and 31 vertical
levels extending to 10 hPa. In control run (hereafter CTL run),
the model is forced by the CMIP multimodel ensemble
(MME) monthly climatology of SST for 1970–2009. The
composite of SST anomalies during post-ENSO summer for
the positive PC1 and PC2 value (PC1+ and PC2+; above 0.75)
models added to the CTL run in the WP and Indo-pacific
sector (hereafter WP and IP run), respectively, to denote the
effect of leading mode-related SST biases. Note that an El
Niño (La Niña) event is defined as the normalized D(0)JF(1)
Niño3.4 index is above 0.75 (below − 0.75), and the compos-
ite maps are calculated as the difference between El Niño and
La Niña events for positive PC value models. The composite
results for PC1+ and PC2+ models highly resemble the lead-
ing modes of SST, 850 hPa wind, and precipitation anomalies
(Figs. 2a–d and 6a–d). Besides, to obtain the relative contri-
bution of SST anomalies in the TIO, CEP, and NWP to the

simulation of NWPAC for PC2+ models, three additional ex-
periments (hereafter TIO, CEP, and NWP run) are conducted.
In all experiments, the SST is kept constant in time and the
model is integrated for 40 years, and last 30 years’ mean
results for JJA are analyzed. The detailed information of sim-
ulations is listed in Table 3.

To document the equatorial WP warming in EOF1 affects
NWP circulation biases. The difference of simulated rainfall
and 850 hPa wind anomalies between WP run and CTL run
during JJA(1) is shown in Fig. 6c. The features of EOF1 are
reasonably captured by WP run, although the model results
are stronger than PC1+ models (Fig. 6b, c). The response of
large-scale circulation is also well reproduced (figures not
shown), and the equatorial WP warming enhances local con-
vection with lower- (upper-) level convergence (divergence),
inducing wet anomalies there. In response to the positive pre-
cipitation anomalies over the WP, a pair of Rossby waves are
triggered to the west following Gill-response mechanism, and
an anomalous cyclone appears over the tropical NWP
(Fig. 6c).

For EOF2, Fig. 6f presents the difference of simulated rain-
fall and 850 hPa wind anomalies between IP run and CTL run
during JJA(1). Model well reproduces the features of EOF2,
as the rainfall and circulation anomalies over the Indo-Pacific
sector (Fig. 6e, f), confirming the importance of SST anoma-
lies over the Indo-Pacific sector affecting the simulation of
NWP circulation. The TIO (CEP) warming induces local
wet anomalies, which trigger eastward (westward) Kelvin
(Rossby) wave, resulting the adjustment of large-scale circu-
lation (figures not shown). The resultant lower- (upper-) level
divergence (convergence) suppresses convection over the MC
and NWP, inducing the dry anomalies there (Fig. 6f). The
anomalous NWPAC is triggered as a Rossby wave response
to the local negative precipitation anomalies. Besides, the
NWP cooling contributes to development of NWPAC via
the positive thermodynamic feedback between local SST and

Table 2 Correlation coefficients
between PC2 and SST anomalies
in any one, two, or all of the three
regions: TIO, CEP, and NWP

TIO CEP NWP TIO + CEP TIO-
NWP

CEP-
NWP

TIO + CEP-NWP

0.73 0.68 − 0.51 0.78 0.80 0.83 0.86

a b

Fig. 4 Regression of D(0)JF(1) Niño3.4 index regressed 200 hPa geopotential height (shaded, °C) andwind anomalies (vector, m s−1) during JJA(1) with
respect to the normalized a PC1 and b PC2. Green lattices and blue vectors indicate significant level reaches 90%
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circulation anomalies (Wang et al. 2000; Wang and Zhang
2002; Wu et al. 2010; Wang et al. 2013; Xiang et al. 2013;
Wu et al. 2017a).

Furthermore, the relative contribution of SST anomalies in
the three regions of Indo-Pacific sector to the simulation of

NWPAC is explored, and the NWPAC intensity in the four
experiments and PC2+models is shown in Table 4. Consistent
with the conclusion of Table 2, the SST anomalies in all three
regions have crucial contribution to the NWP circulation
biases, and the NWPAC is strongest if SST anomalies over

a

b d

c

Fig. 5 Regression of D(0)JF(1) Niño3.4 index regressed 850 hPa
potential velocity (contour, 106 m2 s−1) and divergent wind (vector,
m s−1), 200 hPa potential velocity (contour, 106 m2 s−1) and divergent
wind (vector, m s−1), and precipitation anomalies (shaded, mm) during

JJA(1) with respect to the normalized PC1 (left panels, a, b) and PC2
(right panels, c, d). Green lattices for precipitation and blue vectors for
winds indicate significant level reaches 90%

a

b e

fc

d

Fig. 6 Composite of SST (shaded, °C), 850 hPa winds (vector, m s−1),
and precipitation (shaded, mm) during JJA(1) for PC1+ models (top left
panels, a, b) and PC2+ models (top right panels, d, e). Simulated 850 hPa

wind (vector; m s−1) and precipitation (shaded; mm) anomalies during
JJA(1) for c WP minus CTL run and f IP minus CTL run. Green lattices
and blue vectors indicate significant level reaches 90%
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the whole Indo-Pacific sector are included, as conducted by IP
run. Besides, the NWPAC in CEP run is stronger than the
other two runs, indicating the dominant role of CEP warming.
The NWP cooling has the least contribution, and it could be
attributed to the fast decaying SST anomalies there (figures
not shown). Note that the simulated precipitation and circula-
tion anomalies inWP and IP run are stronger than the relevant
composite results (Fig. 6b, c, e, f, and Table 4), probably due
to that the atmospheric feedback to SST could not be simulat-
ed by AGCM.

4 Summary

Based on an intermodel EOF analysis, this study has investi-
gated the dominant modes of NWP circulation anomalies dur-
ing post-ENSO summer and their SST dependence involved
in 47 CMIP models. The main findings are summarized as
follows.

The first intermodel EOF mode, explaining 33.3% of total
intermodel variance, features an anomalous cyclone over the
tropical NWP (Fig. 2b). Positive SST anomalies can be seen
over the equatorial WP (Fig. 2a), and model with warmer
(colder) SST anomalies over the equatorial WP tends to have
a poorer (better) simulation of NWPAC (Fig. 3a). The equa-
torial WP warming enhances local convection with lower-
(upper-) level convergence (divergence), and the anomalous
NWP cyclone is a direct Rossby wave response to positive
rainfall anomalies there (Figs. 4a and 5a, b). An AGCM is
used and forced by adding positive SST anomalies over the
WP to CMIP MME global climatological SST. Model results
reproduce the EOF1 features, conforming the role of equato-
rial WP warming affecting the simulation of NWP circulation
(Fig. 6c).

The second intermodel EOF mode explains 24.6% of total
variance, and an anomalous anticyclone is captured over the
NWP (Fig. 2d). The associated SST anomalies feature a
tripole pattern over the Indo-Pacific sector, with warming over
the TIO and equatorial CEP, and cooling over the NWP

(Fig. 2c). Model with stronger (weaker) SST anomalies over
the TIO, CEP, and NWP indicates a stronger (weaker)
NWPAC (Fig. 3b). The TIO (CEP) warming induces local
wet anomalies, and the 200-hPa geopotential height anomalies
there display the Matsuno-Gill pattern with eastward
(westward) Kelvin (Rossby) wave, resulting the adjustment
of large-scale circulation (Figs. 4b and 5c, d). The resultant
lower- (upper-) level divergence (convergence) suppresses
convection over the MC and NWP, inducing the anomalous
NWPAC as a Rossby wave response. Besides, the NWP
cooling contributes to development of NWPAC via positive
thermodynamic feedback between local SST and circulation
anomalies. Model results are consistent with EOF2 patterns,
and emphasize the importance of SST anomalies over the
Indo-Pacific contributing to simulation of NWPAC (Fig. 6f).

The unrealistic positive SST anomalies over the equatori-
al WP in EOF1 are related to the overly westward extension
of simulated ENSO warm tongue, which can persist through
JJA(1) (Tao et al. 2015a; Jiang et al. 2017; Tao et al. 2018).
The overly westward extended ENSO warming originates
from the excessive equatorial Pacific cold tongue in the
models (Tao et al. 2018). On one hand, the cold SST biases
increase the mean zonal SST gradient, and favor the devel-
opment and persistence of WP warming via intensified
warm zonal advection. On the other hand, the anomalous
convection caused by ENSO-related warming is reduced,
and the WP SST increase as more downward shortwave
radiation. While, the EOF2-related Indo-Pacific SST patterns
are highly controlled by ENSO amplitude and its decaying
pace, which are determined by the intensity of subtropical
cells via the adjustment of meridional and vertical advection
(Tao et al. 2018).

Table 3 List of the six ECHAM5.3.2 simulations: CTL, WP, TIO, CEP, NWP, and IP run

Simulation SST forcing field Integration

CTL run CMIP MME global climatological SST for 1970–2009 40 years

WP run Added composite of positive SST anomalies for the positive PC1 value models over the WP (20° S–20° N, 120° E–150° W)
in Fig. 6a to CTL run from June to August

40 years

TIO run Added composite of positive SST anomalies for the positive PC2 value models over the TIO (20° S–20° N, 40°–120° E)
in Fig. 6d to CTL run from June to August

40 years

CEP run Added composite of positive SST anomalies for the positive PC2 value models over the CEP (20° S–20° N, 140° E–70° W)
in Fig. 6d to CTL run from June to August

40 years

NWP run Added composite of negative SST anomalies for the positive PC2 value models over the NWP (5°–25° N, 120° E–160° W)
in Fig. 6d to CTL run from June to August

40 years

IP run Added the SST anomalies in TIO, CEP, and NWP run together to CTL run 40 years

Table 4 TheNWPAC intensity (m s−1) in PC2+models, as well as TIO,
CEP, NWP, and IP run

PC2+ models TIO run CEP run NWP run IP run

0.75 0.61 0.87 0.49 0.91
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This study reveals the importance of intermodel diversity in
Indo-Pacific SST anomalies during post-ENSO summer to
NWP circulation. However, the obtained conclusions are not
only limited to model biases, but also have some enlighten-
ment for understanding how diversity of ENSO types and
their evolution affects NWP circulation in observational cases.
Besides, weakening NWPAC during post-ENSO summer un-
der global warming is projected by CMIP5MME result (Jiang
et al. 2018; He et al. 2019), and they emphasized the weaken-
ing role of NWP thermodynamic feedback and TIO warming,
respectively. So, how do the leading modes of NWP circula-
tion and their SST dependence change under global warming?
What mechanism is involved in processes between SST and
NWP circulation? All these issues deserve to further study in
the future.
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