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ABSTRACT

The present study documents the biases of summertime northwest Pacific (NWP) atmospheric circulation
anomalies during the decaying phase of ENSO and investigates their plausible reasons in 32 models from
phase 5 of the Coupled Model Intercomparison Project. Based on an intermodel empirical orthogonal
function (EOF) analysis of El Nifio—Southern Oscillation (ENSO)-related 850-hPa wind anomalies, the
dominant modes of biases are extracted. The first EOF mode, explaining 21.3% of total intermodel variance,
is characterized by a cyclone over the NWP, indicating a weaker NWP anticyclone. The cyclone appears to
be a Rossby wave response to unrealistic equatorial western Pacific (WP) sea surface temperature (SST)
anomalies related to excessive equatorial Pacific cold tongue in the models. On one hand, the cold SST biases
increase the mean zonal SST gradient, which further intensifies warm zonal advection, favoring the devel-
opment and persistence of equatorial WP SST anomalies. On the other hand, they reduce the anomalous
convection caused by ENSO-related warming, and the resultant increase in downward shortwave radiation
contributes to the SST anomalies there. The second EOF mode, explaining 18.6% of total intermodel vari-
ance, features an anticyclone over the NWP with location shifted northward. The related SST anomalies in the
Indo-Pacific sector show a tripole structure, with warming in the tropical Indian Ocean and equatorial central
and eastern Pacific and cooling in the NWP. The Indo-Pacific SST anomalies are highly controlled by ENSO
amplitude, which is determined by the intensity of subtropical cells via the adjustment of meridional and
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vertical advection in the models.

1. Introduction

Boreal summer is the major rainy season in East Asia,
and the East Asian summer monsoon (EASM) plays a
crucial role in this highly populated region. The prominent
mode of interannual variability of the EASM is charac-
terized by an anomalous lower-tropospheric anticyclone
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over the northwest Pacific (NWP) or the NWP anticyclone
(NWPAC) (Chang et al. 2000; Wang et al. 2008). The
NWPAC develops rapidly in late fall of the year when El
Nifio matures (Zhang et al. 1996; Wang et al. 2000) and
persists into the following summer (Wu et al. 2003; Yang
et al. 2007; Wu et al. 2009; Xie et al. 2009). During El Nifio
mature winter and the following spring, the lower-level
southerly wind anomalies along the western flank of
NWPAC weaken the East Asian winter monsoon, leading
to warmer and wetter climate over the southern part of
East Asia (Li 1990; Chen et al. 2000; Zhang and Sumi 2002;
Huang et al. 2012; Wang and Chen 2014; Zhang et al.
2016). During El Nino decaying summer, the NWPAC
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strengthens the moisture transport from the tropical
western Pacific (WP) to subtropical East Asia, increas-
ing the mei-yu-baiu—changma rainfall over East Asia
(Wu et al. 2003; Wu et al. 2009; Hu et al. 2017; Tao et al.
2017). Furthermore, the reduced rainfall and downward
vertical motion associated with NWPAC lead to above
normal surface air temperature over southern China
(Hu et al. 2011, 2012). Therefore, the anomalous at-
mospheric circulation over the NWP plays an important
role in bridging teleconnection from El Nifio-Southern
Oscillation (ENSO) to the East Asian summertime cli-
mate (e.g., Zhang et al. 1996; Wang et al. 2000; Yang
et al. 2007; Wang et al. 2008; Xie et al. 2009; Chen et al.
2013; Wang and Wu 2012; Chen et al. 2014; Zhao et al.
2015; Zhang et al. 2016; Dong et al. 2018).

Numerous studies have explored mechanisms for the
formation and maintenance of the NWPAC at different
phases of El Nifio (Xie et al. 2016). From EI Nifio de-
veloping fall to decaying spring, the NWPAC develops
rapidly (Zhang et al. 1996) and is coupled with local sea
surface temperature (SST) (Wang et al. 2000). On one
hand, the NWPAC is a Rossby wave response to SST
cooling located to its southeast. The northeasterly wind
anomalies of NWPAC superimposed on the northeast-
erly 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). Alternatively,
Stuecker et al. (2013) and Stuecker et al. (2015) pro-
posed the so-called combination mode, which empha-
sizes nonlinear interactions of atmospheric response to
slow evolution of equatorial central and eastern Pacific
(CEP) SST anomalies with the background annual cycle
in the rapid growth of NWPAC.

With the onset of NWP summer monsoon, the posi-
tive wind—-evaporation—SST feedback turns to a negative
feedback as the northeasterly trade winds are replaced
by southwesterly winds (Chou et al. 2009), and the local
negative SST anomalies gradually decay. In addition,
the combination mode effect is weak in the El Nifio
decaying phase when CEP SST anomalies have dissi-
pated. As a result, the tropical Indian Ocean (TIO) SST
anomalies dominate in the maintenance of NWPAC from
El Nifio decaying spring to summer (e.g., Watanabe and
Jin 2002; Yang et al. 2007; Xie et al. 2009; Wu et al. 2010b;
Yang et al. 2010; Z. Chen et al. 2016). The TIO warming
induces a warm tropospheric Kelvin wave response east-
ward in atmosphere (Yang et al. 2007; Xie et al. 2009;
Yang et al. 2010). The equatorial low pressure in the
Kelvin wave drives northeasterly winds, and the resul-
tant lower-level divergence further induces suppressed
convection and anomalous anticyclone over the NWP
(Xie et al. 2009). The TIO SST anomalies prolong the
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influence of El Nifio on NWPAC like a capacitor (Yang
et al. 2007; Xie et al. 2009; Yang et al. 2010). The ac-
companying NWP cooling in summer makes additional
contributions to the NWP anomalous anticyclone (Wu et al.
2010b; Wu et al. 2014a). Recently, Xie and Zhou (2017)
illustrated the physical identity of combination mode, which
triggers the onset of NWPAC. The NWP cooling and TIO
warming then form the Indo-northwestern Pacific Ocean
capacitor (IPOC) mode, which amplifies and anchors
the NWPAC.

The complex air-sea interactions involved in the
evolution of NWPAC pose a challenge for the coupled
ocean—atmosphere general circulation models (CGCMs)
to simulate the NWPAC realistically. The World Climate
Research Programme’s (WCRP’s) phases 3 and 5 of the
Coupled Model Intercomparison Project (CMIP3 and
CMIPS) for the IPCC Fourth and Fifth Assessment Re-
ports (AR4 and ARS) (Meehl et al. 2007; Taylor et al.
2012) provide good opportunities for evaluating the abil-
ity of state-of-the-art CGCMs in simulating the NWPAC.
For climatology simulation, the weak mei-yu-baiu—
changma rainfall and northward shift of NWP sub-
tropical high are the common biases in CMIP models
(Inoue and Ueda 2009; He and Zhou 2014; Song and
Zhou 2014; He and Zhou 2015), which are related to the
rainfall parameterization and air-sea interaction—caused
meridional position of the intertropical convergence
zone (ITCZ) over the tropical North Pacific (Qu 2017).
Although some CMIP models could reproduce anoma-
lous circulation and rainfall over the NWP, large inter-
model spread still exists in interannual variability of
NWPAC. In an analysis of CMIP3 models, Kosaka and
Nakamura (2011) found that reproducibility of the
Pacific-Japan teleconnection pattern in the model is
highly associated with the simulation of climatological
mean state over the NWP. Furthermore, the TIO
warming plays a crucial role in modulating NWPAC in
CMIP5 models (Song and Zhou 2014), and He and
Zhou (2015) further emphasized the importance of
zonal SST gradient between the TIO and the tropical
WP. Furthermore, subsequent studies revealed the
modulation of ENSO variability in the relationship
between ENSO and East Asian summertime climate
(Fu et al. 2013; K. Hu et al. 2014; Fu and Lu 2017).
The relative strong interannual variability of ENSO
strengthens its related atmospheric and oceanic pro-
cesses, leading to a stronger response of TIO SST (Tao
et al. 2015) and further amplifying the anomalous
NWPAC (Hu et al. 2014). Moreover, with the un-
changed ENSO activity under global warming, the TIO
warming and NWPAC are enhanced during the de-
caying phase of ENSO (Zheng et al. 2011; K. Hu et al.
2014; Tao et al. 2015), although there is still debate
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regarding the future changes of the NWPAC (He et al.
2015; Yun et al. 2015; Wei Chen et al. 2016).

Recent studies based on output from the CMIP models
evaluated the biases of TIO SST and NWP circulation
response to ENSO (Tao et al. 2016; Jiang et al. 2017).
Because of the compensation of errors in simulating
ENSO-related atmospheric and oceanic processes, the
TIO SST anomalies can persist through summer. How-
ever, the simulated NWPAC is weaker than observations,
and this difference is attributed to unrealistic SST anom-
alies in the equatorial WP (Tao et al. 2016). Further
analysis shows that the excessive westward extension of
cold tongue increases climatology zonal SST gradient,
which leads to anomalous zonal advection with the west-
erly wind anomalies and maintains the SST anomalies
there (Jiang et al. 2017). While Jiang et al. (2017) revealed
the possible mechanism involved in the maintenance of
equatorial WP SST anomalies, they only emphasized the
effect of zonal advection there during the decaying phase
of ENSO. So, what causes the WP SST anomalies? And
will the dominant processes change in the evolution of
SST anomalies there? Furthermore, although the biases of
NWPAC could be explained by the WP SST anomalies
(Tao et al. 2016; Jiang et al. 2017), are there any other
possible factors? Therefore, in the present study, we
perform a comprehensive analysis on the NWPAC biases
during ENSO decaying summer in CMIP5 models. An
empirical orthogonal function (EOF) analysis is used to
identify the leading modes of NWPAC biases. It is found
that the NWPAC biases originate from ENSO-related
SST anomalies over the equatorial WP and the whole
Indo-Pacific sector, respectively. The sources of biases in
SST anomalies are further investigated.

The rest of the paper is organized as follows. Section 2
describes the CMIP5 models, data, and methods. The
leading two modes of NWPAC biases and their SST
sources are obtained in section 3. Sections 4 and 5 re-
spectively investigate the mechanisms involved in the
biases of ENSO-related SST anomalies for the leading
modes and further discuss with the climatology state.
Section 6 provides a summary of the main findings.

2. Data and methods

The present study is based on historical scenario
simulations of 32 CMIP5 models, which were forced by
observed history of anthropogenic and natural forcing
from 1870 to 2006. For detailed information on the
models, please see http://cmip-pcmdi.llnl.gov/. In this
study, 30 years of simulations covering 1970-99 are used
as in Tao et al. (2016). Table 1 lists the names, in-
stitutions, and countries of the models. Monthly mean
output is used, including SST, precipitation, atmospheric
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zonal and meridional winds, latent heat flux (LHF),
sensible heat flux (SHF), net surface longwave radiation
(LWR), net surface shortwave radiation (SWR), three-
dimensional (3D) ocean potential temperature, ocean
zonal and meridional currents, and vertical mass trans-
port. The net LWR and SWR are calculated as the dif-
ference between downward and upward LWR and
SWR, respectively. Ocean vertical velocity is obtained
from the ocean vertical mass transport. Only one
member (r1ilp1) of each model simulations is analyzed.
The observational datasets include the following: 1) the
Hadley Centre Sea Ice and Sea Surface Temperature
dataset (HadISST) with 1° X 1° horizontal resolution
covers the period from January 1870 to the present
(Rayner et al. 2003); 2) monthly 850-hPa wind, LHF,
SHF, LWR, and SWR from the National Centers for
Environmental Prediction (NCEP)-National Center for
Atmospheric Research (NCAR) reanalysis product
with 2.5° X 2.5° horizontal resolution cover the period
from January 1948 to the present (Kalnay et al. 1996);
3) the Simple Ocean Data Assimilation (SODA) prod-
uct, version 2.2.4, with 0.5° X 0.5° horizontal resolution
covers the period from January 1871 through December
2008 (Carton et al. 2005; Carton and Giese 2008); and
4) NOAA’s Precipitation Reconstruction (PREC) data
with 2.5° X 2.5° horizontal resolution cover the period
from January 1948 to the present (Chen et al. 2002). All
CMIPS5 output and observational datasets are in-
terpolated to a uniform 2.5° X 2.5° grid unless otherwise
specified.

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 variability. To extract interannual
signals, we perform a 3-month running average to reduce
intraseasonal variability and remove the least squares
trend in both model output and observations. Hereafter,
any month in the developing years of ENSO is denoted by
the suffix (0), whereas any month in the decaying years of
ENSO is denoted by the suffix (1). DJF represents the
seasonal mean in December—February, MAM represents
the seasonal mean in March-May, and so on. Hereinafter,
except otherwise specified, the intermodel difference is
described as bias, and the difference between observation
and model is described as difference. The Nifio-3.4 index
is defined as SST anomalies averaged over the region 5°S—
5°N, 170°-120°W in December(0)-January—February(1)
[D(0)JF(1)].

EOF, regression, and correlation analysis are used in the
present study. Note that, in observations, NWP circulation
anomalies display obvious asymmetric characteristics be-
tween El Nifio and La Nifia. The asymmetric circulation
response is related to the asymmetric SST anomalies (e.g.,
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TABLE 1. The CMIP5 models used in this study. (Expansions of acronyms are available online at http://www.ametsoc.org/

PubsAcronymList.)
No. Model name Institution (country)
1 ACCESSL1.0 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 (United States)
7 CESM1(BGC)
8 CESM1(CAMS)
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 Météorologiques (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 Center
for Earth System Science (CESS), Tsinghua University (China)
15 GFDL CM3 Geophysical Fluid Dynamics Laboratory (United States)
16 GFDL-ESM2G
17 GFDL-ESM2M
18 GISS-E2-R NASA Goddard Institute for Space Studies (United States)
19 HadGEM2-CC Met Office Hadley Centre (United Kingdom)
20 HadGEM2-ES
21 INM-CM4.0 Institute of Numerical Mathematics (Russia)
22 IPSL-CM5A-LR L’Institut Pierre-Simon Laplace (France)
23 IPSL-CM5A-MR
24 IPSL-CM5B-LR
25 MIROCS Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean
26 MIROC-ESM Research Institute (The University of Tokyo), and National Institute for
27 MIROC-ESM-CHEM Environmental Studies (Japan)
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

Zhang et al. 1996; Wu et al. 2010a; Karori et al. 2013;
Zhang et al. 2015; Tao et al. 2017), since El Nifio tends to
decay rapidly after the mature phase, whereas La Nifia
persists and reemerges in the subsequent year (Kessler
2002; Larkin and Harrison 2002; McPhaden and Zhang
2009; Z.-Z. Hu et al. 2014). However, ENSO asymmetry is
underestimated in CMIP5 models (Zhang and Sun 2014),
and the CEP warming and cooling persist into El Nifio and
La Nifa decaying summer respectively, resulting in weak
asymmetric SST anomalies. Correspondingly, the asym-
metry of atmospheric response in CMIP5 models is much
weaker than in observations (figure not shown). Further-
more, the leading modes of NWPAC biases for El Nifio
and La Nifia in CMIP5 models are similar to regressed
results (figure not shown). Therefore, the regression
method used here is mostly valid, although ENSO asym-
metry in reality is needed to keep in mind.

To understand the relative roles of ocean advection
and surface heat flux terms in contributing to the bias of
SST anomalies, the oceanic mixed layer heat budget is
calculated. The mixed layer temperature tendency
equation may be written as follows:

T’ 0T 0T 0T
—=—\|u—F+v—+w—
ot ox ay 0z

_aT  _oT _oT’
—-(u—t+vo—+w—
ox ay 9z

! '/ /) /
- (u’£+v’£+w’£) + Qe +R,
ax ay 9z pC,H

where T denotes the mixed layer temperature; u, v, and
w are 3D ocean currents; d/dx, d/dy, and d/dz represent
the 3D gradient operator; Q' . represents the net heat

/
net
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flux (NHF) at the ocean surface (downward positive),
which is the summation of LHF, SHF, net surface LWR,
and net surface SWR; p = 10°kgm? is the density of
water; Cp = 4000 J kg~ ' K~ !is the specific heat of water;
H =~ 50m is the mixed layer depth, which is determined
based on a temperature change of 0.5°C (Wu and Yeh
2010; Wu et al. 2014b); and R represents the residual
term. A prime represents the interannual anomaly,
and a bar represents the climatological mean. The first
nine terms on the right-hand side of the equation are
ocean advection terms, and the tenth term is surface
heat flux terms. All of the mixed layer terms are calcu-
lated based on their depth average.

3. Intermodel mode of NWPAC biases

As mentioned before, summertime circulation anom-
alies over the NWP depend largely on the Indo-Pacific
SST pattern during the ENSO decaying phase both in
observations and models (e.g., Wu et al. 2010b; Wang
et al. 2013; Z. Chen et al. 2016; Tao et al. 2016, 2017;
Jiang et al. 2017; Liu et al. 2018; Xie and Zhou 2017).
In this section, the simulation of NWPAC, precipita-
tion, and SST in each model compared with observa-
tions is examined. We further extract the dominant
modes of NWPAC biases, and analyze the relevant SST
sources.

Figure 1 shows the regression of SST, 850-hPa wind,
and precipitation with respect to D(0)JF(1) Nifo-3.4
index during JJA(1) for observations and CMIPS
models. In observations, the most significant feature of
atmospheric circulation anomalies is a meridional tri-
pole pattern extending from the eastern Indian Ocean
(EIO) and tropical WP to NWP (Fig. 1, OBS). Beside
the cyclonic wind anomalies over the EIO and tropical
WP, an anomalous anticyclone and cyclone are located
north and south of 30°N, respectively. Accordingly,
rainfall anomalies also show a meridional tripole pat-
tern, with positive rainfall anomalies covering a large
tropical area from the EIO to central Pacific, negative
rainfall anomalies over the NWP, and positive rainfall
anomalies over the mei-yu-baiu-changma regions.

A tripole structure of SST anomalies is exhibited over
the Indo-Pacific sector with warming over the equatorial
CEP, and cooling over the WP and most of the northern
and southern subtropical Pacific, which is a typical pat-
tern in El Nifio decaying phase. In addition, the SST
anomalies over the TIO show a basinwide warming,
which is a response to El Nifio forcing through atmo-
spheric and oceanic processes (e.g., Klein et al. 1999;
Chiang and Sobel 2002; Xie et al. 2002; Lau and Nath
2003; Chiang and Lintner 2005; Du et al. 2009; Tao
et al. 2014).
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However, large intermodel spread exists in the 32
CMIP5 model simulations of ENSO-related JJA(1)
circulation anomalies over the NWP. Among those
models being able to capture the anomalous NWPAC,
some reproduce a reasonable SST pattern as in obser-
vations, such as CESM1(FASTCHEM), CNRM-CMS5,
GISS-E2-R, and NorESM1-M (Fig. 1; models 9, 12, 18,
and 31). Others show a stronger CEP and TIO warming
than observations, indicating stronger ENSO in these
models, such as CCSM4, GFDL-ESM2M, MIROCS,
and NorESM1-ME (Fig. 1; models 6, 17, 25, and 32). In
addition, local forcing appears to be important in
CCSM4, GFDL-ESM2M, and MIROCS because of a
stronger and larger area of NWP cooling. Tao et al.
(2016) have revealed that the equatorial WP SST anom-
alies persist longer than observations in some models,
such as CSIRO Mk3.6.0, MPI-ESM-LR, and MPI-ESM-
MR (Fig. 1; models 13, 28, and 29), which is possibly re-
lated to the westward shift of the ENSO warm tongue
(e.g., Collins et al. 2010; Kim and Yu 2012; Gong et al.
2015; Ham and Kug 2015; Huang et al. 2014; Zhang and
Sun 2014; Tao et al. 2016; Tao et al. 2015; Jiang et al. 2017).
As a result, there is an anomalous cyclone rather than an
anticyclone over the NWP. Note that both the unrealistic
SST anomalies over the NWP and equatorial WP exist in
CanCM4 and CanESM2 (Fig. 1; models 4 and 5), and an
excessive local SST forcing is detected in these two models
(Hu and Wu 2015).

To extract the dominant modes of NWPAC biases, an
intermodel EOF analysis is applied to the regressed 850-
hPa wind anomalies over the NWP (10°S—40°N, 90°E~
170°W) in CMIP5 models. Note that, before EOF
analysis, regressed 850-hPa zonal and meridional com-
ponents for each model are first standardized respectively
to enable a more efficient compaction of multifield data
following the similar method of multivariate EOF analysis
(Wang 1992). Furthermore, using a different NWP defi-
nition applied to EOF analysis, for instance a smaller re-
gion (10°S—40°N, 90°E~180°), would not alter the leading
modes of NWPAC biases, further emphasizing that the
main conclusions in present study are robust. Figure 2
shows the regression of SST, 850-hPa wind, and pre-
cipitation with respect to the leading two principal com-
ponents (PCs) as well as the EOFs. The variances explained
by the first two EOF patterns are well separated according
to North et al. (1982).

a. EOFI mode

The first EOF mode (EOF1; Fig. 2a), explaining 21.3%
of total intermodel variance, exhibits a meridional dipole
structure of circulation anomalies from the EIO to NWP:
An anomalous cyclone is located over the NWP, and
an anomalous anticyclone is located northeastward.
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FIG. 1. Regression of SST (shaded; °C), 850-hPa winds (vectors; ms ') and precipitation (contours, with contour
intervals (CIs) of =0.2, =0.5, =1.0, =1.5, and *2.0 mm; negative contours are dashed) with respect to D(0)JF(1)
Nifio-3.4 index during JJA(1) for observation and CMIP5 models. Numbers 1-32 on the top left of the panels
represent the model numbers listed in Table 1, and number 0 represents the observations.

Compared with Fig. 1 (OBS), the overall circulation The anomalous cyclone is a direct Rossby wave re-
distribution shifts slightly southward. For EOF1 mode, sponse to equatorial WP warming associated with pos-
the cyclone there indicates the weaker simulation of itive rainfall anomalies, as there are no SST signals
NWPAC, and models with lower (higher) PC1 values elsewhere (Fig. 2a). As Tao et al. (2016) and Jiang et al.
would stimulate a better (worse) NWPAC. (2017) mentioned, most CMIP models show unrealistic
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FIG. 2. Regression of regressed SST (shaded; °C), 850-hPa wind (vectors; ms ') and precipitation (contours, with
CI = 0.2, =0.4, £0.6, and *1.0 mm; negative contours are dashed) anomalies shown in Fig. 1 with respect to the
standardized (a) PC1 and (b) PC2 of regressed 850-hPa wind anomalies over the NWP (10°S—-40°N, 90°E-170°W) in
CMIP5 models. Also shown are the standardized leading two PCs: (c) PC1 and (d) PC2. The explained variance
fractions are given at the top right of the panels. The red dashed lines in (c),(d) represent the 0.75 std dev.

SST anomalies over the equatorial WP during JJA(1).
This feature is a common bias in CGCMs, most of which
simulate an overly westward extended ENSO warm
tongue (e.g., Collins et al. 2010; Kim and Yu 2012; Gong
et al. 2015; Ham and Kug 2015; Huang et al. 2014; Zhang
and Sun 2014; Tao et al. 2016; Jiang et al. 2017).

Here, the models with PC1 value above (.75 are chosen
as the positive PC1 value (PC1+) models, and the models
with PC1 value below —0.75 are chosen as the negative
PC1 value (PC1-) models (Fig. 2c). As a result, there are
five PC1+ models (CanCM4, CanESM2, CSIRO Mk3.6.0,
MPI-ESM-LR, and MPI-ESM-MR) and six PC1— models
[BCC_CSM1.1, CESM1(FASTCHEM), CNRM-CMS,
GFDL-ESM2M, MIROCS, and NorESM1-M].

Figures 3b and 3c show the composite maps for PC1+
and PC1— models, respectively. The PC1+ models
simulate a pattern similar to the EOF1 mode (Figs. 2a
and 3b), and the PC1— models capture the observed
feature reasonably (Figs. 3a,c). The circulation anoma-
lies over the NWP are completely different between
PC1+ and PC1— models, indicating that the unrealistic

SST anomalies over the equatorial WP largely influence
the simulation of NWPAC (Tao et al. 2016; Jiang et al.
2017). The PC1— models show a reasonable simulation
of NWPAC, which is forced by the TIO warming and
local cooling as the IPOC mode in observations (Xie
et al. 2016; Xie and Zhou 2017). However, for PC1+
models, the unrealistic equatorial WP warming directly
triggers the anomalous cyclone over the NWP as a
Rossby wave response. Note that although there are
SST anomalies over the TIO, they do not show the ba-
sinwide warming, and the effect of equatorial WP SST
anomalies is dominant.

Figure 4 presents the relationship between PCs and
SST anomalies. PC1 is largely controlled by SST anom-
alies over the equatorial WP, and the correlation coeffi-
cient between them is 0.87, exceeding the 99% significance
level (Fig. 4a). That is to say, the colder (warmer) SST
anomalies over the equatorial WP tend to have a better
(worse) simulation of the anomalous anticyclone, further
emphasizing the importance of equatorial WP SST anom-
alies in EOF1 mode.
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FIG. 3. Composite of SST (shaded; °C), 850-hPa winds (vectors; ms™ ') and precipitation (contours, with CI =
+0.2, £0.5, =1.0, =1.5, and =2.0 mm; negative contours are dashed) regressed onto D(0)JF(1) Nifio-3.4 index
during JJA(1) for (a) observations and (b) PC1+, (¢) PC1—, (d) PC2+, and (e) PC2— models.

b. EOF2 mode

The second EOF mode (EOF2; Fig. 2b), explaining
18.6% of total intermodel variance, exhibits a meridio-
nal dipole structure of circulation anomalies similar to

that in the observations of Fig. 1 except for some dif-
ferences in details. The cyclonic wind anomalies are
mainly concentrated over the tropical WP, the NWPAC
shifts northward, and the anomalous cyclone north of
30°N covers almost the whole North Pacific. For EOF2

a) PCH b) PC2
3.0 1 1 1 3.0 1 1 1 1
Cor(CMIP5): 0.87 1 Cor(CMIPS): 0.84
2,0 o 2,0 A o
1.0 o 1.0 o
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FIG. 4. Scatter diagram of (a) PC1 (ordinate) and SST anomalies over the equatorial WP
(abscissa, °C; 10°S-10°N, 150°E-170°W) and (b) PC2 (ordinate) and SST anomalies over the
Indo-Pacific sector (abscissa, °C). The SST anomalies over the Indo-Pacific sector are cal-
culated as the sum of equatorial CEP (5°S-5°N, 170°-120°W) and TIO (20°S-20°N, 40°-
100°E) warming minus NWP (10°-20°N, 130°E-180°) cooling. Numbers indicate the model
numbers listed in Table 1. The green lines are the best fit lines for the model data. The
correlation coefficients are on the top-left corner of each panel.
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line), and PC— models (red line). The red and blue shading labeled Dev and Dec represent the developing and
decaying phase in the evolution of SST anomalies, respectively.

mode, the magnitude of PC2 values determines both the
strength and location of NWPAC simulation, and models
with higher (lower) PC2 values indicate a stronger (weaker)
NWPAC with more (less) northward shift.

The SST anomalies feature a tripole pattern over the
Indo-Pacific sector as observations. The SST anomalies
are comparable over the equatorial CEP and TIO in
observations, while equatorial CEP warming is stron-
ger than TIO warming in the EOF2 mode. In addition,
cold SST anomalies over the NWP cover a larger area,
indicating an enhanced local forcing. The rainfall
anomalies exhibit a dipole pattern over the tropical
Pacific, and there are no obvious rainfall anomalies
over the TIO. The TIO warming and NWP cooling
characterize the IPOC mode, which contributes to the
development of the NWPAC (Xie et al. 2016; Xie and
Zhou 2017). Furthermore, the equatorial CEP warming
could influence the location and intensity of NWPAC in
JJA(1) through the Rossby wave-induced divergence
mechanism, which resembles the effect of CEP cooling
caused by the persistence of La Niifia in observations
(Tao et al. 2017). Although there is no significant
rainfall response over the TIO, the local warming still
can increase the tropospheric temperature by moist
adiabatic adjustment (Chiang and Sobel 2002; Su et al.
2003; Chiang and Lintner 2005; Xie et al. 2009; K. Hu
et al. 2014; Tao et al. 2015) and further contributes to
maintenance of the NWPAC. The effect of TIO could
also be demonstrated by divergence anomalies at upper
levels, although its center shifts more westward than
observation (figure not shown). The lack of rainfall

anomalies over the TIO is possibly caused by the op-
posite roles of local and remote Pacific SST anomalies,
as mentioned by K. Hu et al. (2014) and Chowdary
et al. (2017).

Here, the models with PC2 value above 0.75 are
chosen as the positive PC2 value (PC2+) models, and
the models with PC2 value below —0.75 are chosen as
the negative PC2 value (PC2—) models (Fig. 2d). There
are seven PC2+ models (CCSM4, GFDL CM3, GFDL-
ESM2M, MIROCS5, MPI-ESM-MR, NorESM1-M, and
NorESM1-ME) and six PC2— models (BCC_CSM1.1,
CanCM4, CanESM2, GISS-E2-R, CNRM-CMS5, and
INM-CM4.0).

The composite maps for PC2+ and PC2— models il-
lustrate that the simulation of NWPAC is largely con-
trolled by anomalous SST pattern over the Indo-Pacific
sector (Figs. 3d and 3e, respectively). The PC2+ models
show a similar pattern as EOF2 mode. There is an
anomalous anticyclone over the NWP, with stronger
SST and rainfall anomalies over the Indo-Pacific sector
than observations (Fig. 3d). Also, the contribution of
equatorial CEP SST anomalies is overestimated in
PC2+ models (figure not shown). However, for PC2—
models, the warming over the equatorial CEP and TIO
is weaker than in observations and PC2+ models, and
there are warm rather than cold SST anomalies over the
NWP for PC2— models (Figs. 3a,d,e). The relevant
rainfall response is weak, and there are positive rainfall
anomalies over the equatorial WP and South China Sea.
As a result, there exists a weak anomalous cyclone over
the South China Sea, and the upper-level convergence
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FIG. 6. Composite of mixed layer temperature budget terms (K month ') during the
(a) developing and (b) decaying phase in the evolution of equatorial WP (10°S-10°N, 150°E~
170°W) SST anomalies for observations, PC1+ models, and PC1— models. Numbers 3-12
represent the terms —u'0T/dx, —vaT/dy, —w'aTloz, —udT'lox, —vdT'1dy, —waT'ldz,
—u'dT lox, —v'aT'ldy, —w'dT'/9z, and Q' ,,../pCpH, respectively. No. 2 represents the sum of
3-12, and No. 1 represents the term of 97"/dt. For more details about the mixed layer tem-
perature tendency equation, see section 2. The red and blue shading represents the dominant
positive and negative contribution, respectively.

center moves to the CEP (figure not shown), corre-
sponding with southeast shift of NWPAC. It indicates
that the SST pattern over the whole Indo-Pacific sector
is important for simulating reasonable NWPAC in
EOF2 mode.

Figure 4b further demonstrates that PC2 is closely
related to SST anomalies over the Indo-Pacific sector,
and the correlation coefficient between them is 0.84,
which reaches the 99% significance level. That is to say,
stronger (weaker) SST anomalies over the equatorial
CEP, TIO, and NWP tend to produce a stronger (weaker)
anomalous anticyclone with location shifted more (less)
northward. Note that correlation coefficients between
PC2 and SST anomalies in any one or two of the three

regions are also calculated and lower than that using all
the three regions.

As reviewed in the introduction, the SST anomalies
over the Indo-Pacific sector could be largely explained
by ENSO-induced atmospheric and oceanic processes,
and the differences of the SST response there are con-
trolled by different ENSO intensities (e.g., Klein et al.
1999; Chiang and Sobel 2002; Xie et al. 2002; Lau and
Nath 2003; Chiang and Lintner 2005; Du et al. 2009; Tao
etal.2014). PC2+ and PC2— models simulate larger and
smaller SST anomalies over the equatorial CEP, TIO,
and NWP than observations, suggesting stronger and
weaker ENSO intensity, respectively. Therefore, the
EOF2 mode reveals that the discrepancy of models from
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FIG. 7. Composite of mean temperature transported by anomalous zonal currents (shaded; K month '), mean

zonal temperature gradient (contours; Cl is 0.5 X 86400~

1'% 307! K m™!, and negative contours are dashed), and

zonal ocean currents (vectors; ms_ ') regressed onto D(0)JF(1) Nifio-3.4 index, averaged over 10°S-10°N as
a function of longitude and calendar month for (a) observations, (b) PC1+ models, and (c) PC1— models. Red
dashed boxes represent longitude and month range for the developing and decaying phases.

observations in simulating ENSO intensity leads to
NWPAC biases.

Kosaka et al. (2013) revealed that the NWPAC is the
atmospheric manifestation of an air-sea coupled mode.
Thus, the simulation of NWPAC could be affected by
both the biases of internal variability and external
forcing in models. However, in present study, the above
analysis of the two leading modes suggests that the SST
biases mainly contribute to NWPAC biases during the
decaying phase of ENSO, and originate from two parts:
One is related to the biases of SST anomalies over the
equatorial WP, and the other depends on ENSO in-
tensity. PC1+ models simulate unrealistic SST anoma-
lies over the equatorial WP, and there is an anomalous
cyclone rather than anticyclone over the NWP. In ad-
dition, PC2+ models simulate stronger ENSO and re-
lated larger SST response over the Indo-Pacific sector
than PC2— models and tend to produce a stronger
NWPAC with northward shift. We also apply an inter-
model singular value decomposition (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 results of
SVD analysis confirm those of EOF analysis, empha-
sizing the dominant contribution of SST biases (figure
not shown). Thus, in sections 4 and 5 the possible
mechanisms causing the biases of ENSO-related SST

anomalies for EOF1 and EOF2 mode will be explored,
respectively.

4. Unrealistic equatorial WP SST anomalies

The evolution of monthly SST anomalies over
the equatorial WP for observation, PC1+ models, and
PC1— models is shown in Fig. 5a. Indeed, PC1— models
capture the weak equatorial WP SST anomalies, which
is close to the observations. However, significant SST
anomalies develop there from July(0) and persist
through July(1) in PC1+ models, suggesting an overly
westward extension of the ENSO warm tongue. In ob-
servations, some El Nifio or La Nifia events could persist
long enough to produce another event (Z.-Z. Hu et al.
2014; Lee et al. 2014; Chowdary et al. 2017, 2016; Tao
etal. 2017), such as the 1986-88 El Nifio event and 1998—
2000 La Nina event. However, in PC1+ models, the
persisting SST anomalies extend more westward and
reach the WP.

To better investigate the bias of overly westward ex-
tension in ENSO simulation and its development and
persistence mechanism, a mixed layer heat budget
analysis is conducted to diagnose the tendency of mixed
layer temperature anomaly (MLTA) during the de-
veloping and decaying phase in the evolution of
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equatorial WP SST anomalies. Here, a developing
(decaying) phase is from July(0) to December(0) [from
February(1) to July(1)], as represented by the red (blue)
shading in Fig. 5a. Figure 6 shows the regressed mixed
layer temperature budget terms over the equatorial WP
during the developing and decaying phase for observa-
tion, PC1+ models, and PC1— models. Note that the
estimated MLTA tendency (term 2) is close to the actual
temperature tendency (term 1), indicating that the mixed
layer heat budget diagnosis results are credible.

During the developing phase, terms 3 and 7 make a
major positive contribution to the development of un-
realistic equatorial WP SST anomalies in PC1+ models
(Fig. 6a). PC1— models also show the stronger positive
contribution than observations in these two terms, which
are further compensated by the damping processes, as in
terms 5, 9, and 12. Although the simulation of these
terms in PC1+ models is comparable to observations,
the weaker damping processes in PC1+ than PCl—
models could favor the development of equatorial WP
SST anomalies to some extent. Moreover, the positive
contribution of terms 3 and 7 in PC1+ models persists
through the decaying phase (Fig. 6b). Note that, in these
enhancing and damping processes, the discrepancies of
terms 5, 7, and 9 (—w'aT/oz, —vdT'/dy, and —u'dT"/dx,
respectively) in observations and models are largely
controlled by the anomalous parts involved in these
terms (Figs. S1-S3 in the supplemental material), and
could be further attribute to the different ocean tem-
perature anomalies, indicating the self-adjustment of
anomalous ocean temperature. The remaining two
terms, terms 3 and 12, seem to be the key processes and
will be analyzed in next subsection.

a. Analysis for main processes

Term 3 (—u'dT/dx) is the advection of mean temper-
ature by anomalous zonal currents, and Fig. 7 presents
the composite maps of —/dT/dx and its related mean
zonal temperature gradient —97/dx and anomalous
zonal currents u’ as a function of longitude and calendar
month for observations, PC1+ models, and PCl1—
models. The center position of warm zonal advection
displays a huge difference between observations and
models. In PC1+ models, the positive values are located
over the WP from developing to decaying phase
(Fig. 7b) and largely contribute to the development and
persistence of anomalous warm SST there (Figs. 6a,b).
However, there are positive (negative) values over the
eastern and central Pacific during the developing (de-
caying) phase in observations and PC1— models, re-
spectively (Figs. 7a and 7c, respectively). Furthermore,
the zonal advection is highly determined by the —9T/dx
and «'. Compared with observations and PC1— models,
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FI1G. 8. Composite of surface NHF, LHF, SHF, LWR, and
SWR (K month™!) contributing to the mixed layer temperature
tendency during the developing phase in the evolution of equato-
rial WP (10°S-10°N, 150°E-170°W) SST anomalies for ob-
servations, PCl+ models, and PCl— models. Numbers 1-5
represent the terms Q',.../pCpH, Q'1,/pCpH, Q' ,/pCpH, Q' /pCpH,
and Q'\,/pCpH, respectively. The blue shading represents the
dominant contribution.

—aT/ox and u' are mainly concentrated over the WP in
PC1+ models. The bias of —a7T/dx originates from mean
ocean temperature, and the bias of u’ is coupled with
anomalous ocean temperature. The results are partly
consistent with Jiang et al. (2017), who emphasized the
importance of —u/97T/dx in maintaining equatorial WP
SST anomalies during the decaying phase. Furthermore,
we also point out its crucial role in causing the SST
anomalies there.

PC1— models capture the strongest cooling effect of
NHF (term 12, Q',../pCpH) during the developing
phase, and the simulation of Q'../pCpH in PCIl+
models is comparable to observations (Fig. 6a). More-
over, the NHF could be given by Qne¢ = O + O +
Ow T QOsw, Where Oy, Ogn, Oiw, and Qy,, are the LHF,
SHF, LWR, and SWR, respectively. As shown in Fig. §,
SWR dominates in the four terms. The composite maps
of Q' ,..//pCpH and Q' /pCpH as a function of longitude
and calendar month for observations, PC1+ models,
and PC1— models are shown in Fig. 9. Indeed, the pat-
tern of NHF anomalies is consistent with the pattern of
SWR both in observations and models. Compared with
observations and PCl1+ models, the SWR anomalies
over the central Pacific are overestimated in PCl1—
models, leading to excessive damping effect of NHF
there (Figs. 9a—c). The SWR is highly associated with the
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veloping and decaying phases.

rainfall or cumulus convection over the tropic via the
SST-SWR feedback (Ramanathan and Collins 1991),
which is further related to the simulation of SST and will
be discussed in the next subsection. Note that, using a
different time period or surface heat fluxes from the
Objectively Analyzed Air-Sea Fluxes (OAFlux; Yu and
Weller 2007) project, the 40-yr European Centre for
Medium-Range Weather Forecasts (ECMWF) Re-
Analysis (ERA-40; Uppala et al. 2005), and the
National Oceanography Centre Southampton Flux
Dataset, version 2.0 (NOCSv2.0; Berry and Kent 2009),
does not alter major conclusions, such as the significant
damping effect of NHF, the dominant role of SWR, and
large difference between PC1+ and PC1— models in
Q' et/pCpH and Q' /pCpH (Fig. S4 in the supplemental
material).

b. Tracking back to climatology mean state

As shown in the above two subsections, the unrealistic
equatorial WP SST anomalies in PC1+ models are
mainly affected by —u/9T/dx, and this term persists
through the decaying phase. PC1— models also show
stronger positive contribution than observations in this
term, which is further compensated by the damping ef-
fect of Q' ..//pCpH. The weak damping process in PC1+
models could favor the development of equatorial WP
SST anomalies somewhat.

Those two key processes, both —u/9T/0x and
Q' et/pCpH, are controlled by mean and anomalous
ocean temperature. Moreover, the simulation of
ENSO-related ocean temperature anomalies is often
determined by the mean state (e.g., Guilyardi 2006;
Spencer et al. 2007; Jin et al. 2008; Magnusson et al.
2013; Kim et al. 2014). Thus, Fig. 10 presents the 3D
structure of mean ocean temperature and currents, and
their differences with PC1+ models and PC1— models,
respectively. Compared with observations, PC1+
models represent cold SST differences along with in-
sufficient precipitation and easterly winds (Fig. 10b),
suggestive of an excessive equatorial Pacific cold tongue
(Yu and Mechoso 1999; Luo et al. 2005; Zheng et al.
2012; Li and Xie 2014; Li et al. 2015). Moreover, ex-
cessive precipitation differences exist over much of the
North and South Pacific, which is related to the double-
ITCZ problem (Zhang and Wang 2006; Hirota et al.
2011; Hwang and Frierson 2013). The similar differences
are present in PCl1— models but with weak intensity
(Fig. 10c).

Because of the excessive equatorial Pacific cold tongue
in PC1+ models, ENSO-related warming is hard to in-
crease convection effectively. Thus, the rainfall response
is weakened and reduces the downward SWR anomalies,
which favor the development of equatorial WP SST
anomalies. However, owing to weak SST differences in
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170°W), and its difference with (h) PC1+ and (i) PC1— models.

PC1— models, rainfall anomalies are more sensitive to
anomalous SST, indicating a stronger SST-SWR feed-
back than PC1+ models. Also, as shown in section 4a,
—u'9T/dx partly depends on the zonal structure of cli-
matology mean temperature, and —d7/dx is increased
as a result of cold ocean temperature biases in PC1+
models. As a result, unrealistic equatorial WP SST
anomalies in models could be attributed to the equatorial
Pacific cold tongue bias.

Previous studies revealed that the excessive equato-
rial Pacific cold tongue and double-ITCZ problem are
partly related (Neelin et al. 1992; Mechoso et al. 1995; de
Szoeke et al. 2007; Lin 2007). The causes of these model
problems are still in dispute, as some studies emphasized
the atmospheric origins (Yu and Mechoso 1999; Luo
et al. 2005) and some indicated that the errors might
come from the ocean models (Li and Xie 2014; Li et al.
2015), and others revealed the importance of air-sea

feedback (Lin 2007). However, in contrast to the pre-
vious studies (Li and Xie 2014; Li et al. 2015), Bjerknes
feedback does not seem to work here (Figs. 10e,f,h,i).
Although there is no obvious difference in ocean cur-
rents between PC1+ and PC1— models, the ocean heat
advection could cause the equatorial Pacific cold tongue
bias resulting from erroneous subsurface temperature
structure in PC1+ models, as mentioned by Zheng et al.
(2012). Also, the atmospheric origins, as LHF and SWR
and their related SST-LHF and SST-SWR feedbacks,
might also make a contribution. Further analysis of the
biases in climatology state is beyond the scope of this
study and should be discussed in the future.

5. ENSO intensity

As shown in Fig. 5b, ENSO intensity is comparable
between observation and PC2+ models at its mature
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FIG. 11. As in Fig. 6, but for equatorial CEP SST anomalies (5°S-5°N, 170°~120°W) in ob-
servations, PC2+ models, and PC2— models.

phase, and PC2— models simulate the weakest ENSO.
In addition, PC2+ and PC2— models capture the slow-
est and fastest ENSO decaying pace, respectively. This is
consistent with Lee et al. (2014), who found that strong
El Nifio event tends to persist into the boreal spring,
whereas a weak El Nifio favors a rapid decay shortly
after its peak in the first mode of inter-El Nifio vari-
ability. Feng et al. (2014) revealed that Pacific decadal
oscillation (PDO) could modulate the relationship be-
tween ENSO and the NWPAC through the decaying
pace of El Nifio, and the slow and fast decaying pace
correspond to the high and low PDO phase, respec-
tively. However, in present study, both observation and
models are in the high PDO phase (Figs. 3a,d,e), which
does not seem to cause the different ENSO decaying pace.
The discrepancies in ENSO intensity and its evolution
feature in observation and models are investigated to fur-
ther explore the relevant mechanism. Here, a developing

(decaying) phase is from May(0) to November(0) [from
January(1) to July(1)], as represented by the red (blue)
shading in Fig. 5b.

The regressed mixed layer temperature budget terms
for CEP SST anomalies during the developing and
decaying phase for observation, PC2+ models, and
PC2— models are shown in Fig. 11. During the de-
veloping phase, the discrepancies of terms 4, 7, and 8 in
observations and models contribute to the different
development of equatorial CEP SST anomalies and
cause discrepancies in ENSO intensity (Fig. 11a). The
enhancing effect of term 7 persists through the decaying
phase, along with the damping effect of term 3, causing
the different ENSO decaying pace (Fig. 11b). Actually,
terms 3 and 4 (—u/'0T/9x and —v'9T/dy) are controlled
by ' and v/ respectively (Figs. S5 and S6 in the supple-
mental material), which are coupled with anomalous
ocean temperature, and these two terms reflect the
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FIG. 12. Composite of anomalous temperature transpo

meridional temperature gradient (contours; Clis 0.4 X 86400™' X 30 ' Km™~

regressed onto D(0)JF(1) Nifio-3.4 index, and mean merid
120°W as a function of calendar month and latitude for (a
Red dashed boxes represent month range and latitude fo

self-adjustment of ENSO. Terms 7 and 8 will be further
explored.

a. Analysis for main processes

Here, term 7 (—v97'/dy), as the advection of anoma-
lous temperature by mean meridional currents, plays a
crucial role in the evolution of equatorial CEP SST
anomalies during the two phases (Figs. 11a and 11b, re-
spectively). Although anomalous ocean temperature lasts
slightly longer in PC2+ models than in PC2— models and
observation, there is no significant discrepancy of —97"/dy
values in observation and models (Figs. 12a—c). Moreover,
v is the weakest in PC2— models, and comparable in
PC2+ models and observations. Thus, PC2— models
simulate the weakest —vd7"/dy, and the discrepancy of
this term originates from the bias of v.

Figure 13 presents the composite of anomalous tem-
perature transported by mean vertical currents (term 8,
—waT'/9z), which depends on the vertical structure of
anomalous ocean temperature —d7"/dz and mean up-
welling velocity w, and indicates the thermocline feed-
back. Both —97"/9z and W are weaker in PC2— models
than the other two groups, leading to the weaker ther-
mocline response (Figs. 11a and 13a—c).

rted by mean meridional currents (shaded; K month 1),
! and negative contours are dashed)
ional ocean currents (vectors; ms ') averaged over 170°—
) observations, (b) PC1+ models, and (c) PC1— models.
r the developing and decaying phases.

b. Tracking back to climatology mean state

As shown in the previous two subsections, —vd7T"/dy
and —wdT'/dz in the developing phase are important in
causing the discrepancies in ENSO intensity and its evo-
lution features in observations and models, and thus the
related v and W seem to be a key problem. Figure 14
presents the 3D structure of mean ocean temperature and
currents, and its difference with PC2+ models and PC2—
models, respectively. In observations, both the zonal and
meridional-vertical cross sections of mean ocean currents
show the significant upwelling over the equatorial CEP
(Figs. 14b,c). Corresponding to the poleward currents at
the surface and equatorward flow at the subsurface, it
forms two meridional overturning circulations, called the
subtropical cells (STCs; McCreary and Lu 1994). PC2+
models do not show notable differences of ocean currents
with observations (Figs. 14e,h). However, for PC2—
models, the upwelling over the equatorial CEP is much
weaker than observation (Fig. 14h), and the difference
of STCs shows reverse meridional overturning circula-
tion, indicating the weak intensity of STCs (Fig. 14i).

Previous studies have shown that STCs could affect
the ENSO amplitude and variability (Kleeman et al.
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FIG. 13. Composite of anomalous temperature transported by mean vertical currents (shaded; K month ™),

vertical temperature gradient (contours; CI is 864001 X 307! X 10*Km ™!, and negative contours are dashed)
regressed onto D(0)JF(1) Nifio-3.4 index, and mean vertical ocean currents (vectors; 10> ms™ ') averaged over
equatorial CEP (5°S-5°N, 170°-120°W) as a function of calendar month and depth for (a) observations,
(b) PC2+ models, and (c¢) PC2— models. Red dashed boxes represent month and depth range for the

developing phase.

1999; Merryfield and Boer 2005; Eichler et al. 2006;
Meehl et al. 2006; Schott et al. 2008; Wen et al. 2014;
Chen et al. 2015; Chen et al. 2017). Associated with weak
bias of STCs in PC2— models, v- and w-related —voT"/dy
and —wdT'/dz are weak, consequently leading to
weaker ENSO intensity than observations and PC2+
models. Note that the differences of SST, winds, and
precipitation are weak in PC2— models, as shown in
Fig. 14c. Thus, in contrast to the atmospheric origins or
air—sea interaction, the STCs’ biases might originate
from ocean models themselves, such as a poor ocean
mixing scheme. More work is needed to investigate this
possibility by analyzing the Ocean Model Intercomparison
Project simulations.

6. Summary

This study has evaluated the biases of NWPAC during
ENSO decaying summer and its possible mechanisms
involved in 32 CMIP5 models. The main conclusions are
summarized as follows.

The first EOF mode of NWPAC biases, explaining
21.3% of total intermodel variance, exhibits a meridio-
nal dipole structure of circulation anomalies, which are

almost opposite to observations. There is an anomalous
cyclone over the NWP, indicating a weaker NWPAC.
The cyclone is a westward Rossby wave response to
equatorial WP warming in association with positive
rainfall anomalies. Thus, models with colder (warmer)
SST anomalies over the equatorial WP would have a
better (poorer) performance of NWPAC.

The unrealistic equatorial WP SST anomalies in
PC1+ models are affected by —/0T/0x and —w0T'/dy,
and these two terms persist through the decaying phase.
PC1— models also show the stronger positive contri-
bution than observations in these two terms, which are
further compensated by the damping processes, as
—w'aTlaz, —u'dT'/ox, and Q',./pCpH. The weak damp-
ing processes in PC1+ models could favor the devel-
opment of equatorial WP SST anomalies to some
extent.

Further analysis reveals that =09 T"/dy, —w'dT/dz, and
—u'dT'/dx emphasize the influence of anomalous ocean
temperature, and indicate the self-adjustment of equa-
torial WP SST anomalies. The remaining two terms,
—u'dT/ox and Q',./pCpH, are the key processes, and
these two terms depend on the zonal structure of
mean ocean temperature and climatology mean SST,
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(g)—(i) are averaged over the equatorial CEP (170°-120°W).

respectively. The excessive equatorial Pacific cold
tongue in PC1+ models, on the one hand, increases
—aT/ox, which further intensifies —u/97T/ox, and favors
the development and persistence of equatorial WP SST
anomalies. On the other hand, ENSO-related warming
is hard to increase convection effectively because of the
cold SST biases. Thus, the resulting weakened rainfall
response reduces the SWR anomalies, contributing to
the SST anomalies there. However, in PC1— models
rainfall anomalies are more sensitive to anomalous SST,
strengthening the upward SWR anomalies and further
Q',et/pCpH. Thus, the enhancing effect of —u/dT/0x is
compensated by the damping process, preventing the
development of equatorial WP SST anomalies. The
detailed mechanism is summarized in Fig. 15.

The second EOF mode of NWPAC biases, explaining
18.6% of total intermodel variance, exhibits a meridio-
nal dipole structure of circulation anomalies and cap-
tures an anomalous anticyclone over the NWP, which
shifts more northward than observations. The SST
anomalies show a tripole pattern over the Indo-Pacific
sector, with warming over the equatorial CEP and TIO

and cooling over the WP. In addition, the associated
rainfall anomalies exhibit a dipole pattern over the
tropical Pacific. Thus, models with stronger (weaker)
SST anomalies over the equatorial CEP, TIO, and NWP
tend to produce a stronger (weaker) anomalous NWPAC
shifting more (less) northward.

The TIO and NWP SST anomalies could be largely
explained by ENSO-induced atmospheric and oceanic
processes, and the differences of SST response there are
controlled by different ENSO intensity. PC2+ and
PC2— models simulate larger and smaller SST anoma-
lies over the equatorial CEP, TIO, and NWP than ob-
servations, suggesting the stronger and weaker ENSO
intensity, respectively. Therefore, the EOF2 mode re-
veals that the discrepancy of models simulating ENSO
intensity leads to NWPAC biases.

During the developing phase, the discrepancies of
—v'9T/dy, —vaT'/dy, and —wdT'/dz in observations and
models contribute to the different development of
equatorial CEP SST anomalies and cause discrepancies
in ENSO intensity, as shown in Fig. 15b. The enhancing
effect of —vdT"/dy could persist into the decaying phase
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and the other depends on ENSO intensity.

and cooperate with —u'aT/dx to cause the different ENSO
decaying pace. Actually, —v/'07/dy and —u'aT/ox are
controlled by v' and «/, respectively, which are coupled
with anomalous ocean temperature, and these two terms
reflect the self-adjustment of ENSO. The other two terms,
—vdT'/dy and —wdT'/dz in the developing phase, are
more important in causing the discrepancies in ENSO
intensity and its evolution feature, and these two terms are
determined by v and w, respectively. Associated with weak
bias of STCs in PC2— models, v- and w-related —voT"/dy
and —waT'/dz are weak, consequently leading to weaker
ENSO intensity than in observations and PC2+ models.
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