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ABSTRACT

The northwest Pacific anticyclone (NWPAC) anomalies during post-El Nifio summers are a key predictor of
the summer climate in East Asia and the northwestern Pacific (NWP). Understanding how this will change
under global warming is crucial to project the changes in the variability of the northwest Pacific summer
monsoon. Outputs from 18 selected coupled models from phase 5 of the Coupled Model Intercomparison
Project show that the anomalous NWPAC response to El Nifio will likely be weakened under global warming,
which is attributed to the decreased zonal contrast between the tropical Indian Ocean (TIO) warming and the
NWP cooling during post-El Nifio summers. Under global warming, the NWPAC anomalies during the El Nifio
mature winter are weakened because of decreased atmospheric circulation in response to El Nifio-Southern
Oscillation (ENSO), which leads to the weakening of local air-sea interaction and then decreases the cold NWP
SST anomalies. Furthermore, the decreased surface heat flux anomalies, the weakened anticyclone anomalies
over the southeastern Indian Ocean, and the slackened anomalous easterlies over the north Indian Ocean
weaken the warm TIO SST anomalies. However, the strengthened tropospheric temperature anomalies could
enhance the anomalous TIO warming. Although the changes in TIO SST anomalies are indistinctive, the
weakening of the SST anomaly gradient between the TIO and the NWP is robust to weaken the NWPAC
anomalies during post-El Nifio summers. Moreover, the positive feedback between the TIO-NWP SST
anomalies and the NWPAC anomalies will enhance the weakening of NWPAC under global warming.
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1. Introduction

The northwest Pacific summer monsoon (NWPSM) is
one of the important subcomponents of the Asian
summer monsoon. The NWPSM displays pronounced
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interannual variability and has considerable socioeco-
nomic impacts on the summer climate in South and East
Asia (Kosaka et al. 2013; Wang et al. 2013; Oh and Ha
2016; Ha et al. 2017). The summer convective anomalies
over the northwestern Pacific (NWP) are highly de-
pendent on El Nifilo—Southern Oscillation (ENSO) ac-
tivity (Huang and Wu 1989; Chang et al. 2000; Chou
et al. 2009; Lin and Lu 2009; Chen and Zhou 2014). An
anomalous northwest Pacific anticyclone (NWPAC)
emerges during the El Nifio mature winter and persists
in the El Nifio decaying spring and summer, which is a
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key bridge linking El Nifio to the summer climate over
the NWP and East Asia (Zhang et al. 1999; Lau and
Nath 2000; Wang et al. 2000; Zhang and Sumi 2002;
Chou et al. 2003; Wang et al. 2003; Hu et al. 2014).

Understanding how the NWPSM response to El Nifio
during post-El Nifio summers will change under global
warming is important for projecting the NWPSM vari-
ability in the future. Previous studies demonstrate con-
siderable disagreement on the influence of global
warming on the ENSO-NWPSM teleconnection. Song
and Zhou (2015) suggested that the effects of global
warming on modulating the relationship between ENSO
and the East Asia summer climate are negligible.
Chowdary et al. (2012) concluded that the strengthened
response of summer climate in East Asia to ENSO after
the mid-1970s is not entirely due to global warming, but
also reflects internal variability. Other studies have
suggested that the intensity of the NWPSM in response
to El Nifio is mainly modified by internal variability,
such as the variation in ENSO amplitude and periodicity
(Wang et al. 2008), the variation in the tropical Indian
Ocean (TIO) in response to ENSO (Huang et al. 2010;
Xie et al. 2010b), and the Pacific decadal oscillation
(Feng et al. 2014; Song and Zhou 2015). However, some
studies have argued that the TIO in response to ENSO is
enhanced under global warming (Zheng et al. 2011; Hu
et al. 2014), which is conducive to the strengthening of
the response of the NWPSM to El Nifio. Chen et al.
(2016) suggested that the NWPAC in response to a short
decaying El Nifio will be intensified in the future.
Therefore, the role played by global warming in influ-
encing the NWPSM in response to El Nifio in the future
is unclear.

Recent studies have suggested, using the coupled
atmosphere—ocean general circulation models (CGCMs)
participating in phase 5 of the Coupled Model Inter-
comparison Project (CMIPS5), that certain robust changes
in the ENSO-induced climate anomalies can be expected;
for example, the intensified and eastward-shifted spatial
pattern of the ENSO-induced tropical rainfall anomalies
(Power et al. 2013; Cai et al. 2014; Huang and Xie 2015;
Huang 2016) and the eastward shift of the ENSO-induced
Pacific-North American pattern (Kug et al. 2010; Zhou
et al. 2014; Bonlfils et al. 2015). All of these robust changes
in the ENSO-induced anomalies are related to the anom-
alies during the mature phases of ENSO. The effects of
ENSO on the NWPSM may be prolonged during post-
ENSO summers by a series of complex air—sea coupled
processes, and the response to global warming of the
ENSO-NWPSM teleconnection has not been systemati-
cally investigated.

Extensive studies have been conducted to investigate
the mechanisms of development of the NWPAC during
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post-El Nifio summers. One factor maintaining the
NWPAC anomalies is the El Nifio-induced cooling in
the NWP. During the El Nifio mature winter and the
following spring, the remote forcing from the equatorial
central-eastern Pacific and local air-sea interaction
maintain the NWPAC anomalies (Wu et al. 2017).
Rossby wave cyclonic anomalies triggered by positive
rainfall anomalies over the equatorial central-eastern
Pacific deliver dry and low moist enthalpy air into the
NWP, developing the NWPAC by suppressing local
convection (Wu et al. 2017). Moreover, the northeast-
erly anomalies to the southeastern flank of the NWPAC
anomalies enhance the mean northeast trades and cool
the in situ SST by enhancing the upward surface latent
heat flux. In turn, the diabatic cold SST anomalies in the
NWP maintain the NWPAC anomalies to its west by
triggering a cold atmospheric Rossby wave (Wang et al.
2000). The positive thermodynamic air-sea feedback
contributes to the maintenance of the NWPAC anom-
alies until the following spring and early summer (Wu
et al. 2010; Wang et al. 2013; Xiang et al. 2013; Xie
et al. 2016).

In addition, El Nifio may induce a basinwide warming
in the TIO with an approximately 3-month lag, which
can also prolong the El Nifio effect during post-El Nifio
summers. The TIO warming is caused by the increase in
El Nifio-induced surface heat flux anomalies (Klein
et al. 1999; Lau and Nath 2003), the increased tropical
tropospheric temperature (hereinafter the TT mecha-
nism) (Chiang and Sobel 2002; Chiang and Lintner
2005), ocean dynamic processes (Huang and Kinter
2002; Xie et al. 2002), and an antisymmetric pattern of
atmospheric circulation (Du et al. 2009). The El Nifio—
induced TIO warming can strengthen the NWPAC
anomalies through forcing a Matsuno-Gill pattern
(Matsuno 1966; Gill 1980) in the tropospheric temper-
ature. A Kelvin wave propagates into the tropical
western Pacific and induces an anomalous NWPAC
through Ekman divergence and suppressed convection
(Yang et al. 2007; Xie et al. 2009; Yang et al. 2010).
Furthermore, the easterly wind anomalies on the
southern flank of the NWPAC can weaken the westerly
monsoon over the northern Indian Ocean (NIO) and
contribute to the warming there (Xie et al. 2016). This
implies that the Indo—western Pacific SST anomalies and
the NWPAC are a positive feedback system during
post—El Niflo summers (Kosaka et al. 2013; Wang et al.
2013; Xie et al. 2016). Recent studies have suggested
that the nonlinear interactions of ENSO and the western
Pacific warm pool annual cycle may contribute to the
development of the NWPAC (Stuecker et al. 2015,
2016). However, the coupled mode of the Indo-western
Pacific cross-basin interaction plays a crucial role in
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TABLE 1. Details of the 30 CMIP5 models. The 12 unselected models are denoted by an asterisk. (See http://cmip-pcmdi.llnl.gov/cmip5/
availability.html for more information; expansions of acronyms are available online at http://www.ametsoc.org/PubsAcronymList.)

Atmospheric gridpoint resolution

(lon X lat, vertical layers)

Model Institution, country

ACCESS1.0* Commonwealth Scientific and Industrial Research Organisation (CSIRO)
and Bureau of Meteorology (BoM), Australia

BCC_CSM1.1* Beijing Climate Center, China Meteorological Administration, China

BCC_CSM1.1(m)

BNU-ESM College of Global Change and Earth System Science, Beijing Normal
University, China

CanESM2* Canadian Centre for Climate Modelling and Analysis, Canada

CCSM4 National Center for Atmospheric Research, United States

CESM1(CAMS)* Community Earth System Model Contributors, United States

CMCC-CM* Centro Euro-Mediterraneo per I Cambiamenti Climatici, Italy

CMCC-CMS*

CNRM-CM5 Centre National de Recherches Météorologiques and Centre Européen de

CSIRO Mk3.6.0*

Recherche et Formation Avancée en Calcul Scientifique, France
Queensland Climate Change Centre of Excellence and CSIRO, Australia

FGOALS-g2 LASG, Institute of Atmospheric Physics, Chinese Academy of Sciences and
Center for Earth System Science (CESS), Tsinghua University, China

FGOALS-s2 LASG, Institute of Atmospheric Physics, China

FIO-ESM First Institute of Oceanography (FIO), State Oceanic Administration
(SOA), China

GFDL CM3 NOAA/Geophysical Fluid Dynamics Laboratory, United States

GFDL-ESM2G

GFDL-ESM2M

GISS-E2-H* NASA Goddard Institute for Space Studies, United States

GISS-E2-R

INM-CM4.0* Institute of Numerical Mathematics, Russia

IPSL-CM5A-LR
IPSL-CM5A-MR*
IPSL-CM5B-LR

L’Institut Pierre-Simon Laplace, France

192 X 144, 38

128 X 64, L.26
320 X 160, L26
128 X 64, L26

128 X 64, L35
288 X 192, .26
288 X 192, L30
480 X 240, L31
192 X 96, L95
256 X 128, L31

192 X 96, L18
128 X 60, L26

128 X 108, L26
128 X 64, L26

144 X 90, L48
144 x 90, L24
144 X 90, L24
144 x 90, L40

180 X 120, L21
96 X 95, L39
144 X 143, 139
96 X 95, L39
256 X 128, L40
128 X 64, L8O
192 X 96, L47
192 X 96, 195
320 X 160, L48
144 X 96, 1.26

MIROCS University of Tokyo, National Institute for Environmental Studies, and
MIROC-ESM Japan Agency for Marine-Earth Science and Technology, Japan
MPI-ESM-LR* Max Planck Institute for Meteorology, Germany

MPI-ESM-MR*

MRI-CGCM3 Meteorological Research Institute, Japan

NorESM1-M Norwegian Climate Centre, Norway

NorESM1-ME

maintaining the NWPAC during post-El Nifio summers
(Xie and Zhou 2017).

In the present work, we study the changes in the re-
sponse of the NWPAC to El Nifio during post-El Nifio
summers under global warming. We select 18 models
with high-skill simulation performance from 30 CMIP5
CGCMs to reduce the influence of the model biases. The
change under global warming is displayed by the dif-
ferences between the representative concentration
pathway 8.5 (RCP8.5) run and the historical run. We
find that the NWPAC response to El Nifio will weaken
under global warming, and this weakening can mainly be
attributed to the decreased zonal contrast between the
TIO warming and NWP cooling in the future.

The rest of the paper is organized as follows: Section 2
is a brief description of the observations and model da-
tasets, methods, and model selection criteria. Section 3

presents the main results, including the role of global
warming in modulating the response intensity of the
NWPSM to ENSO, and the corresponding physical
mechanisms. A summary and discussion are presented in
section 4.

2. Models, observational datasets, and methods
a. Datasets

The outputs of 30 CMIP5 coupled models (listed in
Table 1 with brief descriptions) are used in this study
(Taylor et al. 2012; https://esgf-node.llnl.gov/search/
cmip5/). Only one member (realization rlilpl) run of
each model is analyzed. The historical run from 1971 to
2000 is adopted as a baseline of current climate, whereas
the RCP8.5 run from 2011 to 2100 is considered as a
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projection of future climate. We use the monthly mean
variables, including SST, sea level pressure (SLP), wind,
air temperature, shortwave (SW) and longwave (LW)
radiation, latent heat flux (LHF), and sensible heat flux
(SHF) at the sea surface. All the model datasets are in-
terpolated onto the same 2.5° X 2.5° grid before analysis.

The reanalysis datasets for the period of 1971-2000
are used to select 18 high-skill models, which display a
realistic response of NWPSM to El Nifio during post-El
Niflo summers. The observed SST used in this study is
from the monthly mean Extended Reconstruction of
Historical Sea Surface Temperature dataset, version 3
(Smith et al. 2008), which has a horizontal resolution of
2° X 2° (available online at https://www.esrl.noaa.gov/
psd/data/gridded/data.noaa.ersst.html). For atmospheric
circulation data, we use the National Centers for Envi-
ronmental Prediction (NCEP)-National Center for At-
mospheric Research (NCAR) reanalysis 850-hPa wind
datasets (Kalnay et al. 1996; available online at https:/
www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.
pressure.html).

b. Methods

To extract interannual variability signals, the linear
trend and the annual cycle are first removed, and then a
13-yr running mean is also removed from the historical
and the RCP8.5 runs. We denote the prior-ENSO year
as year (0) and its decay year as year (1). The stan-
dardized Nifio-3.4 index [defined as D(0)JF(1) SST
anomalies averaged over the region 5°S-5°N, 120°-
170°W] is regressed onto the interannual anomalies of
SST, circulation, and other variables. These regression
patterns display the structural changes in the ENSO-
induced variability in these variables and also contain
amplitude changes of ENSO variability. The un-
standardized Nifio-3.4 index is also regressed onto the
interannual anomalies of SST to display the changes in
ENSO-related SST without considering ENSO ampli-
tude change. The changes in the ENSO-induced vari-
ability in the future are defined as the differences
between the variability in the RCP8.5 and the historical
(1971-2000) runs.

The regression is performed for the anomalies in the
individual models separately, and then the regressed
patterns in all models are averaged to define the multi-
model ensemble mean (MME). The MME is used to
reduce the influence of model bias. The intermodel
consensus is defined as the percentage of models that
agree on the sign of change with the MME. For the
vector field, the intermodel consensus of the zonal and
the meridional components are calculated separately,
and the maximum of the two components is referred to
as the intermodel consensus of the vector field. A threshold
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of 68% intermodel consensus is equal to 95% statistical
significance calculated by the Student’s ¢ test, assuming
that the models are independent of each other (Power
et al. 2012). The change is considered significant if at
least 13 of the 18 models agree on the sign of change.

c. Model selection

The simulation skill of El Nifio-induced JJA(1)
NWPAC anomalies is applied to select reliable models
by comparing the anomalous NWPAC in the observa-
tions and the historical run. We define an NWPAC
anomaly index as the difference of 850-hPa El Nifio-
related zonal wind anomalies between a northern region
20°-30°N, 110°-140°E and a southern region 5°-15°N,
100°-130°E, following Wang et al. (2001) with a reversed
sign. The NWPAC anomaly indices in the 30 CGCMs
are shown in Fig. 1a. The 18 models in which simulated
NWPAC anomaly indices are greater than 0.4 are se-
lected as high-skill models. The NWPAC anomaly index
in the MME of 18 models is similar to that in observa-
tions, and the intermodel spread is small. [The evolu-
tions of NWPAC anomalies from D(0)JF(1) to JTA(1)
of the 18 models are shown in Fig. S1 of the supple-
mental material.] And we also tried to select models
with different criteria, 22 models with NWPAC anomaly
indices >0.3, and 15 models with NWPAC anomaly
indices >0.5. The results (not shown) are not sensitive to
the selections. Compared with the observed NWPAC
anomaly index, the simulated indices in the remaining 12
models (denoted by an asterisk in Table 1) show an
apparent bias. In CanESM2, CMCC-CM, CSIRO
Mk3.6.0, INM-CM4.0, IPSL-CM5A-MR, MPI-ESM-LR,
and MPI-ESM-MR, the NWPAC anomaly indices are
negative, and the NWPAC anomaly indices in the other
five models are slightly greater than zero. Compared with
the NWPAC anomaly pattern in the observations
(Fig. 1b), the anomalous NWPAC in the MME of the 12
low-skill models shifts eastward and an anomalous cy-
clone appears over the South China Sea, and significant
westerly wind anomalies dominate over the tropical
Indo-western Pacific, exceeding 68% intermodel con-
sensus (Fig. 1d). There are significant biases in the sim-
ulated JJA(1) El Nifio-related NWPAC anomalies in the
MME of the 12 low-skill models (Fig. 1d), whereas the El
Nifio-induced NWPAC pattern and amplitude are re-
produced well in the MME of the other 18 high-skill
models (Fig. 1c).

Jiang et al. (2017) suggested that some of the CGCMs
in CMIP5 are not able to reproduce the NWPSM-
ENSO teleconnection well because of the poor skill in
simulating the evolution of ENSO. Furthermore, the
unabated warm SST anomalies in JJA(1) in the equa-
torial western Pacific can interfere with the NWPSM in
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FI1G. 1. (a) ENSO-regressed NWPAC anomaly indices from the observations, and the MME of the 18 selected
models and 30 CGCMs. Regressed anomalies of JJA(1) 850-hPa wind anomalies on the D(0)JF(1) standardized
Nifio-3.4 index in (b) observations, (c) the MME of the 18 selected models, and (d) the MME of the 12 unselected
models in the historical run for the period 1971-2000. The region with blue arrows in (c),(d) indicates that the sign of
the MME projected change agrees in more than 68% of models.

response to El Nifo. Figure 2 shows the temporal evo-
lution of the ENSO-related SST anomalies from the
mature winter to the decaying summer in 1971-2000 in
observations, the MME of the 18 high-skill models, and
the MME of the 12 low-skill models. In the MME of the
high-skill models, the ENSO-related SST anomalies in
the tropical Pacific gradually decay in the following
spring and summer, and more than 13 models agree the
signs of the MME change (Figs. 2d-f), realistically re-
producing the observed evolution of ENSO (Figs. 2a—c).
(The evolutions of SST anomalies of the 18 models are
individually shown in Fig. S2 of the supplemental ma-
terial.) In the MME of the low-skill models, however,
the warm SST anomalies in the equatorial western Pa-
cific persist in the El Nifio decaying summer, exceeding

68% intermodel consensus (Figs. 2g—i). Therefore, we
select the 18 high-skill models and exclude the 12 low-
skill models in the following analysis to reduce the in-
fluence of the model biases. All results are based on the
MME of the selected 18 high-skill models.

3. Results

a. Future changes of the NWPAC in response to
El Nifio
Figure 3a shows the MME changes in the El Nifio—
induced JJA(1) 850-hPa wind and SLP anomalies during

2071-2100 considering ENSO amplitude change. A sig-
nificant cyclone dominates over the NWP where there is
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FI1G. 2. Regressed anomalies of SST from D(0)JF(1) to JJA(1) on the D(0)JF(1) standardized Nifio-3.4 index in (a)—(c) observations,
(d)—(f) the MME of the 18 selected models, and (g)—(i) the MME of the 12 unselected models for the period 1971-2000. The stippled area
in (d)—(i) indicates the region where the sign of the MME projected change agrees in more than 68% of models.

an anomalous NWPAC originally, and an anticyclonic
shear appears to the north of the cyclone. The projected
ENSO-induced JJA(1) circulation change pattern is al-
most opposite in phase compared with that in Figs. 1b,c,
which suggests that the response of the NWPAC to El
Niflo during post-El Nifio summers will be weakened in
the future. Moreover, the diminished response is not only
embodied in the 850-hPa circulation anomalies but also
appears in the SLP anomaly pattern.

To show that this weakening is forced by global
warming, but is not dependent on the selected time pe-
riod, the period of 2011-2100 in the RCPS8.5 run is
divided into seven segments of 30 years in length with a
10-yr gap (i.e., 201140, 2021-50, 2031-60, ... , 2071-
2100), representing the future climate during different
periods under global warming. In each segment, the
methods described in section 2b are repeated, and then
we calculate the linear regression of the seven segments.
Figure 3b displays the linear trend of changes in the
ENSO-driven 850-hPa circulation and the SLP anomalies
from 2011-40 to 2071-2100. The diminished patterns of
the NWPAC and SLP anomalies are significant and most
regions exceed the 95% confidence level. The results in-
dicate that the diminished pattern of the NWPAC in re-
sponse to El Nifio becomes more significant as the global
warming intensifies. Hereinafter, we will only compare
the differences between the variability in 2071-2100 and
in 1971-2000 unless otherwise noted.

We also analyze the JJA(1) 850-hPa wind and SLP
anomalies regressed onto the unstandardized Nifio-3.4
index during 1971-2000 and 2071-2100, which does not
take the ENSO amplitude change into account. There is

still a pronounced weakening of the NWPAC and SLP
anomalies in the projected MME change pattern
(Fig. 3¢c), which is similar to that in Fig. 3a. This suggests
that the weakening of the JJA(1) NWPAC is robust
under global warming regardless of whether ENSO
amplitude change is included.

b. Mechanism for the weakening of the NWPAC in
response to El Nifio

Previous studies have found that the zonal contrast
between the anomalous TIO warming and the anomalous
NWP cooling plays a crucial role in maintaining the
anomalous NWPAC during post-El Nifio summers
(Terao and Kubota 2005; Ohba and Ueda 2006; Kosaka
etal. 2013; Xie et al. 2016). The cold NWP SST anomalies
force the NWPAC as a cold atmospheric Rossby wave
(Wang et al. 2000). The TIO warming triggers a warm
atmospheric Kelvin wave, suppressing convection over
the NWP and maintaining the NWPAC (Xie et al. 2009).
Figure 4 shows the relationship between the JJA(1)
anomalous NWPAC and the JJA(1) SST anomalies in
the TIO-NWP, defined as the SST differences between
the TIO (10°S-20°N, 50°-120°E) and NWP (5°-20°N,
130°E-180°), and the TIO and the NWP in the historical
runs of the 18 models, respectively. The correlation co-
efficients of anomalous NWPAC with the SST anoma-
lies in the TIO-NWP and the TIO are 0.56 and 0.60,
respectively, exceeding the 95% confidence level. This
suggests that the close relationships between the zonal
contrast of interbasin SST anomalies, TIO SST anomalies,
and the NWPAC are captured well in the 18 selected mod-
els. The correlation coefficient of anomalous NWPAC
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FIG. 3. (a) Changes in ENSO-induced JJA(1) SLP anomalies and
850-hPa wind anomalies in the RCP8.5 run for the period 2071-2100
relative to those in 1971-2000. The stippled green area indicates the
region where the sign of the MME projected change agrees in more
than 13 models. (b) Trend of the changes in the ENSO-induced SLP
and wind anomalies from 2011-40 to 2071-2100 relative to those in
1971-2000. Green dots and black arrows indicate where the signifi-
cance exceeds the 95% confidence level. (¢) Asin (a), but regressed
on the D(0)JF(1) unstandardized Nifio-3.4 index.

with the NWP SST anomalies is —0.36, which does not
exceed 95% confidence level. Wu et al. (2010) sug-
gested that the cold NWP SST anomalies play a crucial
role in maintaining the NWPAC in early summer, and
then the local forcing effect gradually declines in
middle and later summer because of the decay of local
cold SST anomalies in observations. However, it does
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not mean the NWP SST anomalies will not play a more
important role in influencing the NWPAC anomalies
when NWP SST anomalies show remarkable changes
under global warming. These mechanisms imply that the
diminished NWPAC in response to El Nifio may be re-
lated to the changes in the El Nifio-related SST gradient
between the TIO and the NWP under global warming.

Figures Sa—c show the projected MME changes of the
ENSO-related SST anomalies from D(0)JF(1) to JJA(1)
when considering the ENSO amplitude change. The
change pattern of tropical SST anomalies is approximately
opposite in phase from D(0)JF(1) to JJA(1) relative to the
historical ENSO-related SST pattern in Figs. 2d—f, which
indicates that the tropical ENSO-related SST anomalies
are, in general, weakened under global warming. The
weakening of the SST anomalies in the tropical western
Pacific extends from the equatorial western Pacific during
the El Nifio mature winter to the NWP (the black box in
Fig. 5c) during the El Nifio decaying summer. The changes
in SST anomalies in the equatorial Indian Ocean are
weakened during the El Nifio mature winter and the fol-
lowing spring, and are negligible during the post-El Nifio
summers. Although the changes in SST anomalies in the
TIO are not uniform and negligible, there is still significant
weakening of the zonal contrast between the TIO SST
anomalies and the NWP SST anomalies.

There is significant weakening of the SST anomalies in
the tropical eastern Pacific during the El Nifio mature
phase, which implies a weakened ENSO amplitude under
global warming (Fig. 5a). This result is consistent with the
MME conclusion in recent studies using a similar CMIP5
simulation (Kim et al. 2014). Although Kim et al. (2014)
suggested that the trend in ENSO amplitude over the
entire twenty-first century is not unidirectional, we can
find a decrease of ENSO amplitude in the period 2071-
2100 relative to those in 1971-2000. The decreased ENSO-
related SST amplitude in the multimodel ensemble of
CMIP5 is a common result in recent studies (Power et al.
2013; Cai et al. 2014; Kim et al. 2014; Huang and Xie 2015;
Huang 2016), although the ENSO-related SST amplitude
changes are still controversial among the models and sce-
narios (Collins et al. 2010; Power et al. 2013). The common
decreased ENSO-related SST amplitude does not con-
tradict the significant enhancement of extreme ENSO,
when the extreme ENSO is defined based on the ENSO-
related rainfall in the tropical eastern Pacific (Power et al.
2013; Cai et al. 2014; Huang and Xie 2015; Huang 2016).

To distinguish the weakening of the NWP and TIO
SST anomalies during post-El Nifio summers that is
induced by the weakening of the ENSO SST, or by the
changed ENSO processes that influence the SST anom-
alies in the NWP and the TIO, we analyze the change in
the SST anomalies regressed onto the unstandardized
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FIG. 4. Scatterplots of JJA(1) NWPAC indices vs synchronous (a) TIO — NWP SST anomalies, (b) TIO SST
anomalies, and (c) NWP SST anomalies in 30 CMIP5 models in the historical run. Black lines denote the linear
fitting between the horizontal and vertical coordinates of the 18 selected models. Their MME is displayed by black
dots and their correlation coefficient is shown in the top-right corner. Pink dots represent the observations. Gray

dots represent the 12 unselected models.

Nino-3.4 index (Figs. 5d-f). There are no apparent
changes in the SST anomalies in the tropical eastern
Pacific during the El Nifio mature phase (Fig. 5d). The
changes in the ENSO-related SST anomalies during the
El Nifio decaying spring and summer (Figs. Se.f) are
generally consistent with the changes shown in Figs. 5b,c:
not uniform and significant changes in the TIO, and
significant warming in the NWP. This indicates that the
weakening of the NWP and TIO SST anomalies in re-
sponse to the ENSO SST anomalies may be associated
with the potentially weakened ENSO SST anomalies,
but are primarily modulated by the changed ENSO
processes that influence the SST anomalies in the NWP
and the TIO.

The changes in the TIO and NWP SST anomalies and
their difference (TIO — NWP) in the MME and the 18
individual models are shown in Fig. 6. The warming
changes in the NWP SST anomalies are robust among
the models: 14 models simulate changes in the NWP SST
anomalies consistent with the MME result (exceeding
78% intermodel consensus), regardless of whether the
ENSO amplitude change is considered. The warm TIO
SST anomalies display a slight decrease in the MME
and a remarkable spread among the 18 models. How-
ever, despite the large uncertainty in the TIO SST
anomaly changes, the changes in the SST anomaly gra-
dient between the TIO and the NWP exhibit a robust
decrease under global warming, and there are 13 (12)
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FIG. 5. Changes in the ENSO-related SST anomalies in the RCP8.5 run for 2071-2100 relative to those in 1971-
2000. The SST is regressed (a)—(c) on the standardized Nifio-3.4 index and (d)-(f) on the unstandardized Nifio-3.4
index. The stippled region indicates where the sign of the MME projected change agrees in more than 13 models.

The black boxes in (c),(f) highlight the NWP region.

models among the 18 models projecting a clear decrease
with (without) the ENSO amplitude change. The zonal
contrast between the anomalous TIO warming and
the anomalous NWP cooling decreases significantly,
which is expected by the weakening of the NWPAC.
Figure S3 in the supplemental material shows the re-
lationships between the JJA(1) NWPAC changes and
the SST anomalies changes in the TIO — NWP, the T1O,
and the NWP. Their correlation coefficients are (.76,
0.55 and —0.50, respectively. Meanwhile, the correla-
tions are 0.78, 0.55 and —0.44 when the effect of ENSO
amplitude changes is removed (Fig. S4 in the supple-
mental material). All of them exceed 90% confidence
level. It suggests that the weakening of NWPAC is
closely related to the robust decrease of the El Nifio—
related SST gradient between the TIO and the NWP
under global warming.

In the next two subsections, we explore the possible
mechanisms involved in the response of the NWP and
TIO SST anomalies to ENSO SST anomalies under
global warming. To eliminate the possible effects of the
ENSO amplitude change, the unstandardized Nifio-3.4
index is regressed onto the anomalies of the corre-
sponding variables to display the changes in the ENSO-
related variability of these variables without the effect of
possible changes in the ENSO amplitude.

¢. Possible mechanisms of the weakened response of
the NWP SST anomalies to ENSO SST anomalies

Wang et al. (2000) suggested that the local wind-
evaporation-SST (WES) (Xie and Philander 1994)
feedback in the NWP is the critical process for the NWP
cooling in response to the ENSO SST anomalies. We
evaluate the effect of the WES feedback with an LHF
decomposition, where LHF is given by

0, =p,LC,W[q,(T) ~RHq (T~ AT)]. (1)

Here, p, is surface air density, L represents the latent
heat of evaporation, Cg is the transfer coefficient, W is
surface wind speed, ¢,(7) is the saturated specific hu-
midity, RH represents surface relative humidity, T is
SST, and AT 'is the sea—air temperature difference. LHF
can be divided into two parts: atmospheric forcing Q,¢m
and the oceanic response Q,.., Wherein the latter is de-
fined as a Newtonian cooling term by linearizing Eq. (1):

— (1 dq
Qi)ce = QE (ﬁ_ d?) T,’ (2)

where the overbar and prime represent the mean and
perturbation, respectively. The atmospheric forcing
term Q. = O% — O, . is due to changes in wind speed,
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FIG. 6. Changes in the JJA(1) SST anomalies of the TIO, NWP, and their difference (TIO —
NWP) response to ENSO in the 18 selected models and their MME. (a) The effect of ENSO
amplitude changes is included, and (b) the effect of ENSO amplitude changes is removed.

relative humidity, and the air-sea temperature differ-
ence, commonly regarded as a measure of WES feed-
back [see Du and Xie (2008) for details].

Figure 7 shows the ENSO-driven 850-hPa wind
anomalies from D(0)JF(1) to JJA(1) in the historical run
and the resultant changes in the future. The corre-
sponding atmospheric forcing of the LHF anomalies is
shown in Fig. 8. The northeasterly (southwesterly) anom-
alies on the southeastern (northwestern) flank of the
NWPAC anomalies can accelerate (decelerate) the mean
northeast trades (Figs. 7a,b), and a corresponding dipole
pattern of atmospheric forcing of the LHF anomaly ap-
pears over the NWP (Figs. 8a,b). The local WES feedback
contributes to the formation of cold NWP SST anomalies.
Comparing Figs. 7a and 7d, we can see that the 850-hPa
wind anomalies over the NWP will be weakened during
the El Nifio mature phase under global warming. A recent
study by Huang et al. (2017) proposed that the atmo-
spheric circulation in response to ENSO will likely de-
crease under global warming, which may be responsible

for the D(0)JF(1) weakened NWPAC. In addition, Wu
et al. (2017) suggested that remote forcing from the
equatorial central-eastern Pacific plays an important role
in maintaining the NWPAC during the El Nifio mature
winter and the following spring. The MAM(1) weakened
SST anomalies in the equatorial central-eastern Pacific
may also favor the MAM(1) weakened NWPAC (Figs. Se
and 7e). Correspondingly, the release of LHF anomalies
over the tropical NWP region is decreased because of the
weakening of NWPAC (Figs. 8d,e), heating the SST in the
tropical NWP region (Figs. 5d,e). In turn, the resulting
warming change in the tropical NWP could further
weaken the NWPAC. The decreased local air-sea in-
teraction will contribute to the weakening of the cold
NWP SST anomalies during post-Fl Nifio summers in
the future.

The changes in NWP SST anomalies could be influ-
enced by multiple factors. We can find that the changes
in wind anomalies and atmospheric forcing of LHF
anomalies shown in Figs. 7 and 8 are not completely in
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FIG. 7. (a)—(c) Regressed anomalies of 850-hPa wind from D(0)JF(1) to JJA(1) on the D(0)JF(1) unstandardized
Nifio-3.4 index in the historical run (1971-2000). (d)—-(f) The corresponding changes in the ENSO-driven 850-hPa
wind anomalies from D(0)JF(1) to JJA(1) in the RCP8.5 run (2071-2100) relative to 1971-2000. The region with
blue arrows in (d)—(f) indicates where the sign of the MME projected change agrees in more than 13 models.

phase with the changes in SST anomalies shown in Fig. 5.
Thus, we also perform a surface heat flux analysis to
understand the possible causes of the weakened NWP
SST anomalies. The net surface heat flux is Q.. =
Osw + OLw — Orur — Osur, Where Osw, Orw, OLur,
and Qsyr denote net SW radiation, net LW radiation
(positive downward), LHF, and SHF at the surface
(positive upward), respectively. Figure 9 shows the
ENSO-related net surface heat flux anomalies from
D(0)JF(1) to JJA(1) in observations, the historical run,
and the corresponding changes in the future. The neg-
ative surface heat flux anomalies appear over the NWP
from the El Nifio mature winter to the following sum-
mer, which could contribute to the formation of the cold
NWP SST anomalies (Figs. 9a—f). Compared with the
historical net surface heat flux anomalies shown in
Figs. 9d-f, there is a clear positive change in the net
surface heat flux anomalies over the NWP in D(0)JF(1)
and MAM(1) under global warming (Figs. 9¢g,h). The
positive changes in the net surface heat flux anomalies
over the NWP also persist into the following summer (as
shown in the black boxes of Figs. 9f,i), which contributes
to the weakening of the cold NWP SST anomalies dur-
ing post—El Nifio summers.

In conclusion, the weakening of the atmospheric circu-
lation in response to ENSO under global warming leads to
diminished NWPAC anomalies in the El Nifio mature
phase, and the weakened SST anomalies in the equatorial
central-eastern Pacific may give rise to the weakened
NWPAC anomalies in the following spring. The resulting
weakened local WES feedback favors the weakening of
the cold NWP SST anomalies in the following spring and
summer. Moreover, the positive changes of the net surface
heat flux anomalies also make a negative contribution to
the formation of the cold NWP SST anomalies during
post—EI Nifio summers.

d. Possible mechanisms of the indistinctive response
of TIO SST anomalies to ENSO SST anomalies

The projected MME change in JJA(1) TIO SST
anomalies shows a nonuniform and indistinctive change
in most regions of the TIO (Fig. 5f). Previous studies
have indicated that the TIO basinwide warming is not
uniform and is the result of the combined effects of
ENSO-induced surface heat flux anomalies (Klein et al.
1999; Lau and Nath 2003), the TT mechanism (Chiang
and Sobel 2002; Chiang and Lintner 2005), ocean dy-
namical processes (Huang and Kinter 2002; Xie et al.
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FIG. 8. (a)-(c) Regressed anomalies of the atmospheric forcing part of the LHF (positive upward) from D(0)JF(1)
to JJA(1) on the D(0)JF(1) unstandardized Nifio-3.4 index in the historical run for 1971-2000. (d)—(f) The corre-
sponding ENSO-induced LHF changes (shading) and the surface wind speed changes [contours; black (pink) lines
denote +0.15 (—0.15) ms ™! contours of surface wind speed change] in 2071-2100 relative to those in 1971-2000. The
stippled region in (d)—(f) indicates where the sign of the MME projected change agrees in more than 13 models. The

black boxes in (c),(f) highlight the NWP region.

2002), and an antisymmetric pattern of atmospheric
circulation (Du et al. 2009).

Klein et al. (1999) found that the ENSO-related JJA
(1)-increased net surface heat flux anomalies over the
eastern Indian Ocean and the western Pacific could en-
hance SST anomalies there, which is captured in the his-
torical run of the MME of the 18 models (Figs. 9c.f). In
Fig. 9i, there is a pronounced decrease in the net surface
heat flux anomalies over most regions of the TIO during
post—El Nifio summers under global warming, which is
conducive to the weakening of the warm TIO SST
anomalies in the future. In the NIO and the eastern Indian
Ocean, particularly, the pattern of change of the net sur-
face heat flux anomalies is consistent with the pattern of
change of SST anomalies in Fig. 5f. This suggests that the
surface heat flux anomalies may play a crucial role in
changing the SST anomalies in these regions in the future.
In some regions, the changes in net surface heat flux
anomalies are not perfectly in phase with the changes in
SST anomalies, possibly induced by other factors.

In terms of the TT mechanism, during the peak of El
Nifio, the tropospheric temperature over the tropical
eastern Pacific can be increased because of the air-sea
temperature and humidity differences, and then equa-
torial planetary waves propagate the El Nifio—-induced
warm tropospheric temperature anomalies from the
tropical eastern Pacific to the TIO (Figs. 10a—c). Moist
convective processes, which can drive the boundary
layer moist static energy to vary with the free tropo-
spheric moist static energy, can increase the TIO SST
anomalies in post-El Nifio summers (Chiang and Sobel
2002; Chiang and Lintner 2005). Hu et al. (2014) found
that the tropospheric temperature in response to the
SST anomalies is strengthened regardless of the ENSO
amplitude change under global warming. Figures 10d—f
show the projected MME changes in the ENSO-related
tropospheric temperature anomalies from D(0)JF(1)
to JJA(1) without taking the ENSO amplitude change
into account. The tropospheric temperature anomalies
are clearly strengthened over the whole tropics from



1 MAY 2018 JIANG ET AL. 3551

(2) Unstd ENSO Q. D(O)F(1) (b) Unstd ENSO Qe MAM(1)

30°N
15°N

00
15°8
30°S

30°N
15°N

00
15° 4
30°s

30°N
15°N

00
15°S 19}
30°S

45°E 90°E 135°E 180° 45°E 90°E 135°E 180° 45°E 90°E 135°E 180°

FIG. 9. Regressed anomalies of net surface heat flux anomalies (positive downward) from D(0)JF(1) to JJA(1) on the D(0)JF(1)
unstandardized Nifo-3.4 index in (a)—(c) observations and (d)—(f) the historical run for 1971-2000. (g)—(i) The corresponding ENSO-
induced net surface heat flux anomalies changes in 20712100 relative to those in 1971-2000. The stippled region in (g)—(i) indicates where

the sign of the MME projected change agrees in more than 13 models. The black boxes in (c),(f),(i) highlight the NWP region.

D(0)JF(1) to MAM(1), and over the TIO and the
tropical western Pacific in JJA(1), which is consistent
with Hu et al. (2014). In a warmer world, the strength-
ened tropospheric temperature anomalies may enhance
the warm TTO SST anomalies through moist convective

processes, especially in the south Indian Ocean and the
east coast of North Africa.

In the southwestern Indian Ocean (SWIO) at ap-
proximately 5°-10°S, 50°-80°E, where the thermocline is
shallow, the warm SWIO SST anomalies can be attributed
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FIG. 10. As in Fig. 8, but for the tropospheric (1000-200 hPa) temperature anomalies.
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to ocean dynamical processes (Huang and Kinter 2002;
Xie et al. 2002). An anomalous anticyclone appears over
the southeastern Indian Ocean during the El Nifio ma-
ture winter (Fig. 7a), which can force a westward-
propagating downwelling Rossby wave. The Rossby
wave propagates westward to the SWIO, and then raises
the SST in the SWIO by deepening the thermocline (Xie
et al. 2002). However, the anomalous anticyclone over
the southeastern Indian Ocean is weakened by the
weakening of the atmospheric circulation in response to
ENSO under global warming in the El Niflo mature
phase (Fig. 7d). This can alleviate the warming in the
tropical SWIO by abating the oceanic Rossby wave in
the following spring and summer.

The anomalous SWIO warming is important to the
antisymmetric wind pattern, which intensifies local
convection and induces a cross-equatorial SST gradient,
leading to the antisymmetric wind pattern. The anti-
symmetric wind pattern plays an important role in trig-
gering the second warming in the NIO through the WES
feedback during post-El Nifio summers (Du et al. 2009).
Specifically, the anomalous easterlies over the NIO re-
duce the prevailing southwest monsoon and warm the
ocean, generating the second warming in the NIO. Un-
der global warming, however, the anomalous easterlies
over the NIO are significantly decelerated during post—
El Nifio summers (Fig. 7f), which may be attributable
to the unstrengthened warming changes in the region
5°-10°S, 50°-80°E of the SWIO and the significant
warming changes of NWP SST anomalies (Fig. Se). The
slackened anomalous easterlies can strengthen the sur-
face wind speed over the NIO and enhance evaporation
(Fig. 8f), cooling the NIO SST anomalies (Fig. 5f).

In general, the decreased surface heat flux anomalies
contribute to weaken the warm SST anomalies in most
regions of the TIO. However, the strengthened tropo-
spheric temperature anomalies play an important role in
enhancing the warm TIO SST anomalies. In addition,
the anomalous anticyclone over the southeastern Indian
Ocean decreases under global warming, which is not
conducive to the warming of the SWIO SST anomalies.
Some studies found that the thermocline in the SWIO
deepens in some models under global warming (Xie
et al. 2010a; Zheng et al. 2013, 2016), which may weaken
the effect of ocean dynamics on the SWIO SST anom-
alies. Thus, there is no significant change in the SWIO
SST anomalies. The slackened anomalous easterlies
over the NIO, because of the unstrengthened SWIO
SST anomalies and the significant warming changes of
the NWP SST anomalies, play an important role in
cooling the NIO SST anomalies. These different pro-
cesses offset each other, resulting in an undistinctive
change of the SST anomalies in most regions of the TIO
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in the MME. Although the changes in the TIO SST
anomalies show a large spread among the models, it
does not change the robust weakening of the SST
anomaly gradient between the TIO and the NWP.

4. Summary

In this work, we investigate the changes in the NWPAC
in response to El Nifio during post-El Nifio summers
under global warming using the historical and RCP8.5
runs of CMIP5 simulations, which will be important for
further research on the impact of ENSO on the summer
climate in East Asia. Our results show that the NWPAC
during post-FEl Nifio summers is likely weakened under
global warming based on 18 selected models, potentially
caused by the change in the SST evolution associated with
ENSO. Under a warmer climate, the NWP SST anomalies
are potentially weakened from the El Nifio mature winter
to the following summer, whereas the TIO SST anomalies
show an undistinctive change. As a result, the robust de-
creased gradient of SST anomalies between the TIO and
the NWP favors a weakening of the NWPAC during post—
El Nifio summers.

The possible mechanisms for the response of the NWP
and TIO SST anomalies to ENSO are examined. The
weakening of the atmospheric circulation in response to
ENSO may play a crucial role in the weakening of the
NWPAC in the El Nifio mature winter (Huang et al. 2017).
The weakened warm SST anomalies in the equatorial
central-eastern Pacific in the following spring may also
facilitate the MAM(1) weakening of the NWPAC (Wu
et al. 2017). The resulting weakened local air-sea in-
teraction during the following spring and summer con-
tributes to the weakened SST anomalies in the NWP.
Moreover, the increased net surface heat flux anomalies
also contribute to the weakened cold NWP SST anomalies.

For the Indian Ocean, the weakening of the D(0)JF(1)
anomalous anticyclone over the southeastern Indian
Ocean does not favor the warm SWIO SST anomalies.
However, the tropospheric temperature anomalies are
clearly strengthened over the TIO (Hu et al. 2014),
which may enhance the warm TIO SST anomalies.
Moreover, the significant warming of the NWP SST
anomalies with almost unchanged anomalous SWIO
warming can give rise to a slackening of the anomalous
easterlies over the NIO, cooling the NIO SST by en-
hancing evaporation. The decreased net surface heat
flux anomalies over the TIO contribute to the weakened
warm TIO SST anomalies. Because of the multiple
conflicting processes, the SST anomalies in most regions
of the TIO are not robust among the models.

With the slight change of the TIO SST anomalies, the
robust weakening of the SST anomalies in the NWP
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induces a strong weakened SST gradient between the
TIO and the NWP. In turn, the decreased zonal contrast
between the anomalous TIO warming and anomalous
NWP cooling can further weaken the anomalous
NWPAC because of the positive feedback between
the changes to the SST anomalies and the NWPAC (Xie
etal.2016). As aresult, the weakening of the NWPAC in
response to El Nifio during post-El Nifio summers be-
comes more significant as global warming intensifies.

5. Discussion

In the present study, the results are based on the
MME of the 18 selected CMIP5 CGCMs. Although the
18 selected models are high-skill models in simulat-
ing the ENSO-NWPSM relationship, there are appar-
ent discrepancies between the observed and simulated
ENSO-NWPSM relationships in the selected models
and intermodel uncertainties, such as the JJA(1) change
in TIO SST anomalies and the tropospheric temperature
anomalies over the TIO. Further research is necessary to
assess the intermodel uncertainty of ENSO-NWPSM
teleconnection changes. In addition, the present study
just emphasizes the effect of the atmospheric adjustment
on the SST anomaly changes in the NWP and the TIO.
Some other factors not considered, such as the oceanic
dynamics in the southwestern TIO and the possible
changes in the frequency of ENSO, could also contrib-
ute to the changes in the NWPAC anomalies.

The present study shows the weakening changes in
NWPAC anomalies in post-El Nifio summers are signif-
icant in the RCP8.5 run of 18 high-skill CMIP5 models,
whether or not we consider the ENSO amplitude change
in the future. These results seem contradictory with some
previous studies, suggesting that NWPAC anomalies in
response to El Nifio tend to strengthen under global
warming (Zheng et al. 2011; Chen et al. 2016). Comparing
these results, we suspect that the discrepancy could be
associated with different models, methods, and scenarios.
For example, the enhanced NWPAC anomalies under
global warming emphasized in Chen et al. (2016) are
concluded for the short decaying El Nifio events using
nine best models in RCP4.5 runs. Actually, different El
Nifio decaying paces have diverse effects on Indian Ocean
Basin warming (Li et al. 2012) and summer climate in the
NWP and India (Chen et al. 2012; Chowdary et al. 2017);
a short decaying El Nifio leads to a strong NWPAC
anomaly in the following summer, while the NWPAC
anomaly often disappears during a long decaying El Nifio
(Chen et al. 2012). Chen et al. (2016) also indicated that
the frequency of the long decaying El Nifio is slightly in-
creased in the RCP4.5 run, and the NWPAC anomalies in
response to the long decaying El Nifio events under global
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warming tend to be weakened. Thus, some different
conclusions could be drawn when the RCP8.5 run results
are used and the short and long decaying El Nifios are
considered together. In another study, Zheng et al. (2011)
also obtained discrepant results using the outputs of a
coupled model from the GFDL CM2.1 and performed the
warming experiment under the Special Report on Emis-
sions Scenarios A1B with a 720-ppm CO, stabilization.
Different selected models and different greenhouse gas
emission scenarios may result in different conclusions.
The influence of the model and scenario uncertainty
would be investigated in future studies.
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