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YAZHOU ZHANG,? JIANPING L1,*" FEI ZHENG,® MIAO YU," JUAN FENG,Y AND CHENG SUNY

 Frontiers Science Center for Deep Ocean Multispheres and Earth System, Key Laboratory of Physical Oceanography, Institute for
Advanced Ocean Studies, Ocean University of China, Qingdao, China
® Laboratory for Ocean Dynamics and Climate, Pilot Qingdao National Laboratory for Marine Science and Technology,
Qingdao, China
¢ State Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics, Institute of Atmospheric
Physics, Chinese Academy of Sciences, Beijing, China
d College of Global Change and Earth System Science, Beijing Normal University, Beijing, China

(Manuscript received 21 July 2020, in final form 4 November 2020)

ABSTRACT: The impact of the South China Sea summer monsoon (SCSSM) on the Indian Ocean dipole (IOD) has been
systematically investigated in observations. This study focuses on the ability of climate models participating in phase 5 of the
Coupled Model Intercomparison Project (CMIP5) to reproduce the observed relationship between the SCSSM and IOD
and the relevant physical mechanisms. All 23 models reproduce significant correlations between the SCSSM and 10D
during boreal summer [June—August (JJA)], whereas the influence of the SCSSM on the IOD varies considerably across the
CMIP5 models. To explore the causes, all models are divided into two groups. Models that successfully simulated both the
correlations between the SCSSM and JJA IOD and of the SCSSM and JJA 10D with precipitation over the western North
Pacific and Maritime Continent are classified as Type I, and these produce stronger low-level wind anomalies over the
tropical southeastern Indian Ocean. The stronger low-level wind anomalies enhance local sea surface temperature (SST)
anomalies via positive wind-evaporation-SST (WES) and wind—thermocline-SST (Bjerknes) feedbacks. This corresponds
to a strengthening of IOD events due to the increased zonal gradient of SST anomalies over the tropical Indian Ocean. In
contrast, Type II models perform poorly in representing the relationship between the SCSSM and JJA 10D or relevant
physical processes, corresponding to weaker WES and Bjerknes feedbacks, and produce weaker IOD events. These results
demonstrate that the better the model simulation of the critical physical processes, the larger contribution of the SCSSM to

the IOD.
KEYWORDS: Indian Ocean; Monsoons; Atmosphere-ocean interaction; Model evaluation/performance; Interannual
variability

1. Introduction Previous studies have indicated that a positive (negative)

10D generally corresponds to El Nifio (La Nifia), suggesting
that El Nifio-Southern Oscillation (ENSO) is the dominant
factor controlling the interannual variation of the 10D
(Annamalai et al. 2003; Behera et al. 2006; Huang and Shukla
2007a; Krishnamurthy and Kirtman 2003; Schott et al. 2009;
Stuecker et al. 2017; Xie et al. 2002; Yang et al. 2015; Zhang
et al. 2015); however, not all IOD events coexist with the
ENSO (Behera et al. 2006; Huang and Shukla 2007b; Saji et al.
1999; Webster et al. 1999; Yamagata et al. 2003; Zhang et al.
2018,2019). This indicates that other external factors influence
the evolution of the IOD. Based on long-term simulations
excluding ENSO forcing, Huang and Shukla (2007b) con-
cluded that fluctuations observed in the northwestern Pacific
monsoon could be a significant control on the IOD during
boreal summer [June-August (JJA)]. In a more recent study,
Zhang et al. (2018, 2019) indicated that IOD growth may also
be impacted by the significant interannual variability of the
South China Sea summer monsoon (SCSSM) over the western
North Pacific Ocean.

Comprehensive coupled general circulation models are of-

The Indian Ocean dipole (IOD), characterized by colder
(warmer) sea surface temperature (SST) anomalies over the
tropical western Indian Ocean and warmer (colder) SST
anomalies over the tropical southeastern Indian Ocean during
the positive (negative) phases, shows a remarkable interannual
variation (Saji et al. 1999; Webster et al. 1999). The IOD affects
not only the climate of the countries surrounding the Indian
Ocean rim, such as Kenya, India, Indonesia, and Australia, but
also the western tropical Pacific Ocean, East Asia, South
America, and even Antarctica through atmospheric telecon-
nection, causing extreme weather or climate events with severe
socioeconomic repercussions (Ashok et al. 2003, 2004; Cai
et al. 2009, 2011; Chen et al. 2020; Ding et al. 2010; Duan et al.
2020; Guan and Yamagata 2003; Li et al. 2011a,b; Nuncio and
Yuan 2015; Saji and Yamagata 2003). Therefore, a compre-
hensive understanding of the driving factors, seasonal evolu-
tion, physical processes, and prediction of the IOD has great
social and economic significance, with implications for pre-
vention and mitigation of socioeconomic losses and sustainable

development. ten used to assess the large-scale processes of climate dynam-
ics. A suite of state-of-the-art climate models are used in phase

5 of the Coupled Model Intercomparison Project (CMIP5),
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TABLE 1. Details of the CMIP5 models used in this study. Values in parentheses for the horizontal grid size denote the spectral truncation
of the model (full names of models and institutes are available online at http://www.ametsoc.org/PubsAcronymUList).

Model name Run used Modeling center/country Horizontal grid (lat X lon)
ACCESS1.0 rlilpl CSIRO-BoM/Australia 144 X 192 (300 X 360)
ACCESS1.3 rlilpl
CCSM4 rlilpl NCAR/United States 192 X 288 (384 X 320)
CESM1(FASTCHEM) rlilpl CESM/United States 192 X 288 (384 X 320)
CMCC-CM rlilpl CMCC/Italy 240 X 480 (149 X 182)
CMCC-CMS rlilpl 96 X 192 (149 X 182)
CNRM-CM5 rlilpl CNRM-CERFACS/France 128 X 256 (292 X 362)
CSIRO MK3.6.0 rlilpl CSIRO-QCCCE/Australia 96 X 192 (189 x 192)
FGOALS-g2 rlilpl LASG-IAP/China 108 X 128 (196 X 360)
GFDL-ESM2G rlilpl NOAA GFDL/United States 90 X 144 (200 X 360)
GFDL-ESM2M rlilpl
HadGEM2-AO rlilpl Met Office/United Kingdom 144 X 192 (216 X 360)
HadGEM2-ES rlilpl
INM-CM4.0 rlilpl INM/Russia 120 X 180 (340 X 360)
IPSL-CM5A-MR rlilpl IPSL/France 143 X 144 (149 X 182)
MIROC5 rlilpl MIROC/Japan 128 X 256 (224 X 256)
MPI-ESM-LR rlilpl MPI/Germany 96 X 192 (220 X 256)
MPI-ESM-MR rlilpl 96 X 192 (404 x 802)
MPI-ESM-P rlilpl 96 X 192 (220 X 256)
MRI-CGCM3 rlilpl MRI/Japan 160 X 320 (368 X 360)
MRI-ESM1 rlilpl
NorESM1-M rlilpl Norwegian Climate Centre/Norway 96 X 144 (384 x 320)
NorESM1-ME rlilpl

to the IOD (Taylor et al. 2012). For example, Liu et al. (2011,
2014) quantitatively examined the relative contributions of the
dynamic and thermodynamic feedback processes during IOD
events using output from CMIP3 and CMIP5 models. Guo
et al. (2015) identified three types of IOD events based on
observations and CMIP5 models. Cai et al. (2013, 2014, 2018)
investigated the response of the frequency of IOD events—partic-
ularly extreme positive events—to greenhouse warming. Li et al.
(2015, 2016) focused on the model biases related to the excessive
10D in CMIP5 model simulation and projection and examined the
role of the precipitation bias over the tropical western Pacific in
projecting the Indian summer monsoon rainfall (Li et al. 2017). Fan
et al. (2017) investigated the coevolution of various types of El Nifio
and the IOD in observations and CMIP5 models. However, the
aforementioned studies only focused on the IOD or IOD-ENSO
connection; whether the CMIP5 models reproduce the relationship
between the SCSSM and IOD is still unresolved. Here, we attempt
to diagnose the impact of the SCSSM on the IOD and the relevant
physical mechanisms using CMIP5 model simulations.

The remainder of this paper is organized as follows.
Section 2 presents a brief review of the datasets and methods
used in this study. Before testing the relationship between the
SCSSM and 10D, the performance of CMIP5 models in sim-
ulating the climatology of the SCSSM and the IOD pattern is
first evaluated in section 3. Section 4 systematically compares
the impact of the SCSSM on the IOD and the relevant physical
mechanisms in the observations and two types of CMIPS5
models, with a focus on the ability of the models to reproduce
the atmospheric bridges related to the SCSSM, that is, the
precipitation dipole and SCSSM Hadley circulation. We fur-
ther discuss the potential role of ENSO in the relationship
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between the SCSSM and the IOD in section 5. Section 6
provides a summary and discussion.

2. Datasets and methods
a. Datasets

The monthly mean atmospheric horizontal and vertical wind,
net surface latent heat fluxes, and the total precipitation rate
(prate) are taken from the National Centers for Environmental
Prediction-National Center for Atmospheric Research (NCEP-
NCAR) Reanalysis-I (NCEP1), with a 2.5° X 2.5° horizontal grid
(Kalnay et al. 1996). The improved Extended Reconstructed SST
version 5 (ERSST v5) dataset on a 2° X 2° grid is used in this study
(Huang et al. 2017). Sea surface height (SSH) is used to represent
the thermocline variability (Yu 2003) and is obtained from the
Simple Ocean Data Assimilation (SODA, version 2.2.4) re-
analysis dataset on a 0.5° X 0.5° grid (Carton and Giese 2008). The
study period 1948-2005 is chosen for the above datasets. To
demonstrate the robustness of the results, precipitation from the
Climate Prediction Center Merged Analysis of Precipitation
(CMAP; Xie and Arkin 1997), wind from the NCEP-NCAR
Reanalysis-IT (NCEP2; Kanamitsu et al. 2002), and SST from the
Met Office Hadley Centre SST (HadISST; Rayner et al. 2003)
during 1979-2005 are also used in this study.

We used 23 CMIP5 models from the World Climate
Research Program (WCRP) in this study for the period 1948-
2005 (Table 1), while not all models include several realiza-
tions. Thus, the first realization (r1ilp1) of historical simulation
outputs from 23 CMIP5 models is adopted in this study. Some
models including several realizations (e.g., CNRM-CMS5,
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FGOALS-g2, and MPI-ESM-LR) are also examined, which is
similar to the results of the first realization. Atmospheric and
oceanic variables are downloaded from the CMIP5 multimodel
data archive (https://esgf-node.llnl.gov/search/cmip5/), includ-
ing 925-hPa wind, precipitation, vertical wind, SST, and SSH.
To validate the CMIPS historical simulations with respect to
the observations, the atmospheric and oceanic variables in
each model are linearly interpolated to 2.5° X 2.5° and 2° X 2°
horizontal resolutions, respectively, when performing multi-
model ensemble mean. To exclude the influence of global
warming, the linear trend has been removed. In addition, the
anomalies are calculated by subtracting the long-term (1979-
2005) mean climatology from all datasets in this study.

The seasonal variation of winds is used by Li and Zeng
(2002, 2003) to define the dynamical normalized seasonality
monsoon index, which captures well the multiple variabilities
of the global monsoon. This index is calculated as follows:
v, -V

mall

Il

s

where V; and V represent the climatological mean wind vec-
tors in January and the mean of the January and July clima-
tological wind vectors, respectively, and V,,, denotes the
monthly wind vectors in the mth month of the nth year. The
SCSSM index (SCSSMI) is defined as an area average of § over
the SCSSM domain (100°-125°E, 0°-25°N) in the 925-hPa wind
field during JJA. Wang et al. (2001) also defined the SCSSMI
(also as western North Pacific monsoon index) based on the
850-hPa zonal wind anomalies between a southern region
(100°-130°E, 5°-15°N) and a northern region (110°-140°E, 20°-
30°N). The correlation coefficient between these two indices is
0.81 (beyond 99% confidence level, not shown), indicating the
high consistence of these two indices to quantify the SCSSM
variability. Compared the SCSSMI only based on the zonal
wind in Wang et al. (2001), the SCSSMI defined by Li and Zeng
(2002, 2003) takes both the zonal and meridional winds into
consideration, showing more meridional circulation features
related to SCSSM variability. Thus, the SCSSMI in Li and
Zeng (2002, 2003) is adopted in this study.

The dipole mode index (DMI; Saji et al. 1999) can be used to
measure [IOD strength and is defined as the difference between
area-averaged SST anomalies over the southeastern (90°-110°E,
10°S-0°) and western (50°-70°E, 10°S-10°N) tropical Indian
Ocean; these SST anomalies are the IOD-E index (EDMI) and
IOD-W index (WDMI), respectively. The Nifio-3.4 index is used
for monitoring ESNO variability, and is defined as the area
average of SST anomalies over 170°E-120°W, 5°N-5°S.

b. Methods

According to previous studies (Fan et al. 2017; Guo et al.
2015; Saji et al. 1999; Schott et al. 2009; Yamagata et al. 2003),
the IOD pattern can generally be identified as the second
leading empirical orthogonal function (EOF) mode of the
monthly SST anomalies over the tropical Indian Ocean (40°-
120°E, 20°S-20°N). We employ a Taylor diagram (Taylor 2001)
to provide a concise statistical summary of the match between ob-
servations and simulations; the modeled accuracy can be visually
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evaluated by individual points in the graph. Specifically, through
comparison with the observations in terms of the correlations and
ratio of standard deviations, we can clearly assess how well the models
reproduce the observed pattern and magnitude. Correlation and
regression analyses are also used to explore the relationship between
the SCSSM and the 10D, and partial correlation is used to examine
the potential role of ENSO in the SCSSM-IOD relationship.
The correlation coefficients between the SCSSM and the
IOD are calculated for the observations and each of the CMIP5
models, and their significance is tested by a two-tailed Student’s
t test using the effective number of degrees of freedom (Ney). For
the variables X and Y, the significance between them can be ap-
proximated as follows (e.g., Bretherton et al. 1999; Li et al. 2013):

1 1 28N-i

v P Dy (),

Neff N Ni:I N XX YY

where N is the total sample of time series, pxx(i) and pyy(i)
denote the autocorrelations of the two time series X and Y at
time lag i, respectively.

3. Relationship between the SCSSM and the IOD
a. Simulation of the SCSSM

The SCSSM is closely associated with wind and precipitation
over both the western North Pacific Ocean and the Maritime
Continent (Li and Zeng 2003; Wang et al. 2009; Zhang et al.
2018, 2019), showing remarkable regional large-scale circula-
tion features. Hence, the ability of the CMIP5 models to
reproduce the climatological mean 925-hPa wind and pre-
cipitation are first examined over the SCSSM-related domain
(90°-160°E, 20°S-30°N) in JJA for the period 1976-2005.
Taking NCEP1 as the reference, we employ a Taylor diagram
(Taylor 2001) to quantitatively compare the performance of
the model with respect to JJA 925-hPa wind and precipitation
(Figs. 1a,b). For the climatological mean 925-hPa wind, the
spatial correlation coefficients of the zonal wind between the
simulations and observations exceed 0.85 for all historical
model simulations, much larger than those for meridional wind
(Fig. 1a). Likewise, all models also represent the spatial pattern
of the precipitation climatology reasonably well, with spatial
correlation coefficients exceeding 0.6 (Fig. 1b). In addition,
the CMIPS models (Fig. 2) capture reasonably well the centers
of maximum precipitation, such as the western North Pacific,
the South China Sea, and the northeast Bay of Bengal, similar
to previous studies (Song and Zhou 2014a,b). These results
indicate that the ability of the models to simulate these
large-scale elements associated with the SCSSM is generally
reasonable.

The simulated amplitudes of the 925-hPa wind and precip-
itation associated with the SCSSM are, however, significantly
different from the observations. Most models overestimate the
observed climatology of the 925-hPa wind and precipitation,
with the ratio of the standard deviation of the modeled values
to the observations being greater than 1.0, although some
models generate underestimates (Figs. 1a,b). The modeled
magnitude of the zonal wind tends to fit the observations a little
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FIG. 1. Taylor diagrams of the climatological mean (a) 925-hPa zonal (red dots) and meridional (blue stars) wind
and (b) precipitation (violet dots) over the SCSSM-related region (90°~160°E, 20°S-30°N) during boreal summer
(JJA) for the period 1976-2005. (c) As in (a), but for the EOF2 pattern of SST anomalies over the tropical Indian
Ocean (40°-120°E, 20°S-20°N) during 1948-2005 based on ERSST and CMIP5 models expect for EOF1 in CSIRO
Mk3.6.0. The numbers represent the 23 models in CMIPS5. The correlation coefficients and the ratio of the standard
deviation between models and observations are shown by the cosine of the azimuth angle and the radial distance,
respectively. REF (based on NCEP1) on the horizontal axis indicates the reference point.

better than the meridional wind and precipitation, with a
smaller standard deviation (Figs. 1a,b).

b. Simulation of the [OD

As suggested by previous studies (Fan et al. 2017; Guo et al.
2015; Saji et al. 1999; Schott et al. 2009; Yamagata et al. 2003),
the IOD can be represented by EOF2 of the SST anomalies
over the tropical Indian Ocean, which is characterized by a
zonal out-of-phase structure (Fig. 3). Notably, EOF1 of SST
anomalies in CSIRO Mk3.6.0 is used to following analyses
because EOF1 in CSIRO Mk3.6.0 displays the prominent IOD
pattern (Fig. 3i). Spatial correlation coefficients between the
models and observations exceed 0.5 for all models (Fig. 1c).
This indicates that the models can reasonably simulate the
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1IOD pattern, which is defined as the zonal alternations in SST
over the tropical Indian Ocean (Fig. 3). Similar results are also
obtained using the HadISST dataset, although with relatively
lower spatial correlation coefficients (not shown). There are
noticeable biases between the observed and modeled ampli-
tudes of the IOD, similar to those for the SCSSM. The ratio of
the standard deviation of the modeled to observed 10D pat-
terns is less than 1.0 in the MRI-CGCM3 and MRI-ESM1. This
indicates that these two models relatively underestimate the
amplitude of the IOD pattern. In contrast, most of the CMIP5
models generally overestimate the amplitude of the 10D
pattern.

Opverall, the CMIP5 models agree well with the reanalysis data
in simulating the spatial patterns of the IOD and the 925-hPa
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wind and precipitation climatology, although there is still dis-
parity in intensity. This indicates that all models have some
skill in simulating the essential circulation features related to
the SCSSM and the spatial patterns of the IOD. Moreover, the
relatively reasonable simulations of the spatial structures of the
SCSSM features and IOD provide the basic guarantee for
assessing the performance of the CMIP5 models in simulating
the relationship between the SCSSM and the IOD.

c. Correlation between the SCSSM and IOD in CMIP5
models

Figure 4 shows the correlation coefficients between the
SCSSM and the IOD during JJA and boreal fall [September—
November (SON)] for the observations and model simulations.
The SCSSM is significantly correlated with the JJA IOD in the
observations with a coefficient of 0.52 (Fig. 4a). Although the
correlation coefficients between the SCSSM and JJA 10D vary
with CMIPS model, they are all significant, exceeding the 99%
confidence level (Fig. 4a). As the SCSSM decays in SON, the
SCSSM still has a maximum correlation coefficient with SON
10D with a value 0.59 (Fig. 4b; Zhang et al. 2018). Similar to
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JJA, the significant correlation coefficients between the
SCSSM and SON IOD are also found in the observations and
in each CMIP5 model (Fig. 4b). These results suggest that the
significant correlations of the SCSSM with JJA and SON 10D
are successfully reproduced in all CMIP5 models. This leads us
to ask whether the mechanisms responsible for the influence of
the SCSSM on the 10D are also reasonably simulated.

4. Possible physical mechanisms

Zhang et al. (2018, 2019) have indicated that the precipita-
tion dipole and Hadley circulation associated with the SCSSM
over the western North Pacific and the Maritime Continent
serve as the “atmospheric bridges” between the SCSSM and
the IOD. To further verify the aforementioned results, Fig. 5
displays the composite anomalies of the precipitation and 925-
hPa wind based on the strong and weak SCSSM years in ob-
servations. Here, a strong (weak) SCSSM year is selected as the
SCSSMI is greater (smaller) than 1 (—1) standard deviation.
In a strong SCSSM year, the enhanced southeasterly wind
anomalies bring more moisture from the north Indian Ocean to
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the western North Pacific (Fig. 5a), leading to surplus precip-
itation and further inducing the anomalous ascending motion
over the western North Pacific (Fig. 5b). Consequently, the
anomalous descending motion of the SCSSM Hadley circula-
tion [the concept referred to in Zhang et al. (2018)] develops
over the Maritime Continent, contributing to deficit precipi-
tation over there (Fig. 5). With the enhancement of the pre-
cipitation dipole over the western North Pacific and Maritime
Continent, the lower-level southerly wind anomalies prevail
from the Maritime Continent to the western North Pacific. The
southeasterly wind anomalies induced by the Coriolis force are
strengthened over the tropical southeastern Indian Ocean
(Fig. 5a; Zhang et al. 2018). On the one hand, overlaid on the
climatological southeasterly wind in JJA, the enhanced
southeasterly wind anomalies increase the excessive surface
evaporation and latent heat flux loss from the ocean, leading to
the intensification of the local cold SST anomalies. On the
other hand, the increased southeasterly wind anomalies also
tend to shallow local thermocline anomalies, bringing the deep
cold water to the surface, and further cooling the local SST
anomalies. Thus, the cold SST anomalies over the tropical
southeastern Indian Ocean are strengthened under framework
of positive WES and Bjerknes feedbacks. As the zonal SST
anomaly gradient increases over the tropical Indian Ocean, a
positive 10D event strengthens, and vice versa. Although the
SCSSM withdraws in SON, the mature phase of the IOD may
develop under the positive Bjerknes feedback. In next section,
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the physical mechanisms responsible for the influence of the
SCSSM on the IOD are examined in CMIP5 models.

a. Atmospheric bridges associated with the SCSSM

Figure 6 shows the correlations of the SCSSMI with the 925-
hPa wind and the precipitation for observations, multimodel
ensemble (MME) mean, and each CMIP5 model during
JJA. When the SCSSM is strong, the observed precipitation
increases over the western North Pacific, and decreases over
the Maritime Continent, producing a remarkable dipole
pattern (Fig. 6a). Clear southeasterly wind anomalies are
also observed over the tropical southeastern Indian Ocean.
In addition, the circulation anomalies related to SCSSM
show the evident longitudinal extent over the western North
Pacific, which may be closed to the mean flow there. A cli-
matological confluence zone covers the whole South China
Sea (Fig. 2), aiding the zonally elongated perturbation via
extracting kinetic energy from the mean flow (Hu et al.
2019). The MME mean can capture reasonably well this
significant precipitation dipole pattern and the southeast-
erly wind anomalies over the tropical southeastern Indian
Ocean (Fig. 6b).

However, there are some biases in the simulated amplitude
and locations of the observed precipitation. The observed
precipitation intensity over the western North Pacific is much
stronger than that over the Maritime Continent, whereas the
situation is reversed in the MME mean (Figs. 6a,b). This
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FIG. 4. Correlations of the SCSSMI with (a) JJA and (b) SON DMI for the period 1948-2005 for observations
(yellow bar) and each model (orange bars); significance is tested by a two-tailed Student’s ¢ test using the effective
number of degrees of freedom (black line with blue dots indicates the 99% confidence level).

indicates that the precipitation over the western North Pacific
(Maritime Continent) is evidently underestimated (over-
estimated) in the MME mean (Fig. 6b). In addition, the sim-
ulated precipitation belt over the western North Pacific in the
MME mean tends to occur farther south than observed
(southward bias), whereas there is a relatively weak northward
bias (farther north than observed) over the Maritime
Continent (Fig. 6b). Similar results are seen for the observed
and simulated SCSSM Hadley circulation (Fig. 7a). A signifi-
cant SCSSM Hadley circulation is clearly seen over the western
North Pacific and the Maritime Continent in the MME mean,
accompanied by some biases in simulating its amplitude and
location (Fig. 7b). The precipitation dipole pattern related to
the SCSSM can essentially be simulated by the MME mean,
but this relationship varies across the CMIP5 models (Fig. 6).
Some models (e.g., CRISO-Mk3.6.0 and FGOALS-g2) can
capture reasonably the prominent precipitation dipole pattern
over the western North Pacific and the Maritime Continent
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(Figs. 6j,k), whereas other models, such as ACCESS1.0 and
ACCESS1.3 (Figs. 6¢,d), only successfully simulate the pre-
cipitation anomalies over the Maritime Continent. Similar re-
sults can also be found for the simulated SCSSM Hadley
circulation (Fig. 7).

To describe objectively the relationship between the SCSSM
and the precipitation dipole, the correlations between the
SCSSM and JJA precipitation over the western North Pacific
(115°-150°E, 5°-20°N) and Maritime Continent (100°-140°E,
15°S-0°) in observations and each model are shown in Fig. 8a.
Compared to the significant correlations of the SCSSM with
precipitation over both the western North Pacific and Maritime
Continent in observation, the contrasting simulations exist
in 23 models (Fig. 8a). Although the SCSSM is significantly
correlated with precipitation over the Maritime Continent
in all models, only 15 out of the 23 models [i.e., CCSM4,
CESM1(FASTCHEM), CNRM-CM5, CSIRO Mk3.6.0,
FGOALS-g2, GFDL-ESM2G, GFDL-ESM2M, HadGEM2-AO,
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INM-CM4.0, IPSL-CM5A-MR, MPI-ESM-MR, MPI-ESM-
P, MRI-CGCM3, NorESM1-M, and NorESM1-ME] suc-
cessfully replicate the significant correlation between
the SCSSM and the western North Pacific precipitation
(Fig. 8a). The remaining eight models (i.e., ACCESS1.0,
ACCESS1.3, CMCC-CM, CMCC-CMS, HadGEM2-ES,
MIROCS, MPI-ESM-LR, and MRI-ESM1) cannot repro-
duce the relationship between the SCSSM and precipita-
tion over the western North Pacific (Fig. 8a), even with
opposite correlations in ACCESS1.0 and ACCESS1.3
(Fig. 8a). This implies that only 15 out of 23 models can capture
the remarkable precipitation dipole pattern related to
the SCSSM.

Previous studies (e.g., Zhang et al. 2018, 2019) indicated that
the precipitation dipole served as the primary pathway of the
SCSSM affecting JJA IOD. Thus, the relationship between the
precipitation dipole and JJA IOD is further examined in
Fig. 8b. Like the SCSSM, all correlations between the IOD and
precipitation over the Maritime Continent are beyond 95%
confidence level during JJA (Fig. 8b). However, only 12 of 23
models studied [i.e., CCSM4, CESM1(FASTCHEM), CNRM-
CMS5S, CSIRO Mk3.6.0, FGOALS-g2, GFDL-ESM2G,
HadGEM2-AO, IPSL-CM5A-MR, MPI-ESM-LR, MPI-
ESM-MR, MPI-ESM-P, and MRI-CGCM3] successfully sim-
ulate the significant correlation between JJA 10D and the
western North Pacific precipitation during JJA (Fig. 8b). This
suggests that this prominent precipitation dipole is closely as-
sociated with JJA IOD in 12 models. Since the SCSSM influ-
ences the IOD through the precipitation dipole (e.g., Zhang
et al. 2018, 2019), the very different abilities of the individual
CMIP5 models to simulate the precipitation dipole pattern
imply different influences of the SCSSM on the IOD in
individual models.
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1). Black stipples and vectors in (a) and (b) indicate that the composite anomalies are

b. Physical mechanisms responsible for the effect of the
SCSSM on the IOD

To further demonstrate the aforementioned results, two
groups of models were chosen. Although the correlations be-
tween the SCSSM and JJA IOD are significant in all models
(Fig. 4a), not all significant correlation coefficients may be
reasonable. According to our previous studies (e.g., Zhang
et al. 2018, 2019), the SCSSM tended to enhance the lower-
level wind anomalies over the tropical southeastern Indian
Ocean via the precipitation dipole, and then contributed to the
development of the IOD events. Furthermore, as removing
the precipitation dipole signals, the correlation between the
SCSSM and JJA TIOD became insignificant (Zhang et al. 2018).
This suggests the critical bridge of the precipitation dipole in
linking between the SCSSM and JJA 1OD. Thus, selecting two
types of models takes into consideration not only the rela-
tionship between the SCSSM and JJA IOD but also the rele-
vant key physical processes (i.e., the precipitation dipole).
Based on the aforementioned analyses, the criterion needs to
include the following three conditions: 1) the significant cor-
relation between the SCSSM and JJA 10D, 2) the significant
correlations between the SCSSM and precipitation over the
western North Pacific and Maritime Continent, and 3) the
significant correlations between JJA 10D and precipitation
over the western North Pacific and Maritime Continent. This
criterion not only highlights the importance of the correlation
relationship between the SCSSM and JJA 10D, but also em-
phasizes the critical underlying physical processes.

Like the significant correlation between the SCSSM and JJA
10D (Fig. 4a), the precipitation over the Maritime Continent is
also significantly correlated with both the SCSSMI and JJA
DMI in all models (Fig. 8). This suggests that the selection of
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FIG. 6. Correlations of the SCSSMI with the precipitation rate (shading) and 925-hPa wind (vectors) during JJA for (a) the observations
(based on NCEP1), (b) the MME mean, and (c)-(y) each CMIP5 model. Black stippling indicates the 95% confidence level, and only wind
vectors that are significant at the 95% confidence level are plotted. Red and blue rectangles in (a)—(y) indicate the study areas over the
western North Pacific (115°-150°E, 5°-20°N) and Maritime Continent (100°-~140°E, 15°S-0°), respectively.
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FIG. 7. Correlations of the SCSSMI, as in Fig. 6, with the meridional-vertical cir-
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are significant at the 95% confidence level are plotted.
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FIG. 8. (a) The correlation coefficients of the SCSSMI with the precipitation area averaged over the western
North Pacific (115°-150°E, 5°-20°N; sky blue bars) and Maritime Continent (100°-~140°E, 15°S-0°; white bars)
during JJA for the observations (OBS) and models. The red (blue) dots in (a) denote the correlations between the
SCSSMI and western North Pacific (Maritime Continent) precipitation exceeding the 95% confidence level. (b) As
in (a), but for JJA DMI with the precipitation area averaged over the western North Pacific and Maritime
Continent. The red triangles in (a) indicate the models that simulate simultaneously the significant correlations
between the SCSSM and precipitation over the western North Pacific and Maritime Continent and between JJA
10D and precipitation over the western North Pacific and Maritime Continent.

two types of models is mainly determined by the relationships
of the western North Pacific precipitation with the SCSSMI and
JJA DML. Eleven models [i.e., CCSM4, CESM1(FASTCHEM),
CNRM-CMS5, CSIRO Mk3.6.0, FGOALS-g2, GFDL-ESM2G,
HadGEM2-AO, IPSL-CM5A-MR, MPI-ESM-MR, MPI-ESM-
P, and MRI-CGCM3] that simulate successfully both the sig-
nificant correlations of the western North Pacific precipitation
with the SCSSMI and JJA DMI are defined as Type I, and the

Brought to you by Peking University | Unauthenticated | Downloaded 02/14/21 07:40 AM UTC

remaining 12 models belong to Type II (i.e., ACCESS1.0,
ACCESS1.3, CMCC-CM, CMCC-CMS, HadGEM2-ES, GFDL-
ESM2M, INM-CM4.0, MIROCS5, MPI-ESM-LR, MRI-ESM1,
NorESM1-M, and NorESM1-ME). Meanwhile, the significant
reverse correlations in precipitation between the western
North Pacific and Maritime Continent exist in all Type I
models (not shown), representing reasonably the out-of-phase
variation of the precipitation over the western North Pacific
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and Maritime Continent. It is noted that 8 Type I and 12 Type
II models are applied in the following analyses because 3 Type
I models [ie, CCSM4, CESMI(FASTCHEM), and
HadGEM2-AO] lack the SSH variable. In addition, these two
types of models have the similar amplitude and spatial pattern
of the climatological biases in precipitation and 925-hPa winds,
and the ratios of the standard deviations between the simula-
tions and observations in climatological precipitation and 925-
hPa wind are nearly close to 1.0 in the two types of models (not
shown). These indicate the little effects of the climatological
biases on the two types of models. The different capabilities of
the model ensemble members in simulating the relationships of
the precipitation dipole with the SCSSM and IOD can be
readily distinguished owing to the selection criteria used;
therefore, the disparity of the impact of the SCSSM on the IOD
and associated physical mechanisms can be illustrated.
Previous studies have indicated that the enhanced precipi-
tation dipole related to the SCSSM enhances the southeasterly
wind anomalies over the tropical southeastern Indian Ocean,
further contributing to the growth of the IOD (Zhang et al.
2018, 2019). Figure 9 presents the relationship between the
SCSSM and the precipitation over the western North Pacific
and Maritime Continent for the two types of models. The
precipitation dipole generated by the Type I models is largely
consistent with the observations, although there are some
biases in its simulated amplitude and location (Fig. 9a). In
contrast, the Type II models do not successfully reproduce the
precipitation dipole pattern (Fig. 9b). Corresponding to the
precipitation dipole, the Type I models simulate a remarkable
SCSSM Hadley circulation over the western North Pacific
and Maritime Continent, much stronger than that of the Type
II models (Fig. 10). Consequently, the southeasterly wind
anomalies over the tropical southeastern Indian Ocean in Type
I models are much larger than that in Type II models (Fig. 9).
Prior studies have highlighted the significant role of that the
anomalous southeasterly wind off the coasts of Sumatra and
Java in the development of the IOD (Bjerknes 1969; Huang
and Shukla 2007b; Li et al. 2003; Xie et al. 2002; Zhang et al.
2018, 2019); this wind is a major factor in the WES and
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Bjerknes feedbacks. Southeasterly wind anomalies that are
strengthened by the precipitation dipole and the SCSSM
Hadley circulation occur over the tropical southeastern Indian
Ocean during periods in which the SCSSM is particularly
strong (Fig. 6). The increased southeasterly wind anomalies are
superimposed on the mean southeasterly wind during JJA and
induce increased ocean surface evaporation and a loss of latent
ocean heat flux (Fig. 11a). This strengthens localized cold SST
anomalies (Fig. 11g). Meanwhile, the enhanced southeasterly
wind anomalies also increase local thermocline anomalies
(Fig. 11d), and the cold SST anomalies over the tropical
southeastern Indian Ocean are strengthened by cold water
from the deep ocean (Fig. 11g). The intensity of the IOD
events increases in line with the zonal gradient of SST anom-
alies in the tropical Indian Ocean (Fig. 11g). The aforemen-
tioned findings indicate that the SCSSM significantly impacts
the IOD development through the positive WES and Bjerknes
feedbacks.

Compared with the observations, the southeasterly wind
anomalies in the Type I models off the coasts of Sumatra and
Java are much stronger, increasing the latent heat flux loss
from the ocean (Fig. 11b) and bringing more cold water from
the deep ocean to the surface (Fig. 11e). This suggests that the
stronger southeasterly wind anomalies lead to larger cold SST
anomalies over the tropical southeastern Indian Ocean in the
framework of the WES and Bjerknes feedbacks (Fig.11h).
Weaker southeasterly wind anomalies, associated with the
Type II models (Fig. 11b), produce much weaker WES and
Bjerknes feedbacks (Figs. 11c,f), resulting in the smaller cold
SST anomalies off Sumatra and Java (Fig. 11i). These quali-
tative results suggest that the influence of the SCSSM on the
JJA 10D in models that can simulate reasonably well the at-
mospheric bridges related to the SCSSM is much larger than in
those that cannot.

We also verify quantitatively the different contributions
of the SCSSM to the IOD in the two types of models. Here,
the regression coefficients of the precipitation against the
SCSSMI area averaged over the western North Pacific and
Maritime Continent regions denote the mean intensity of the
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precipitation explained by the SCSSM. Similar calculations
may be applied to the 925-hPa zonal and meridional wind
anomalies over the tropical southeastern and central Indian
Ocean, as summarized in Fig. 12. The observations, Type I, and
Type 11 models can all capture a precipitation dipole pattern,
while the western North Pacific precipitation anomalies in
Type 1I models are much weaker than those in observations
and Type I models (Fig. 12). This implies that the precipitation
gradient over the western North Pacific and Maritime
Continent in Type Il models is much smaller, leading to weaker
southeasterly wind anomalies over the tropical southeastern
Indian Ocean (Fig. 12). The maximum precipitation gradient is
found in Type I models, corresponding to the largest south-
easterly wind anomalies over the tropical southeastern Indian
Ocean. The SCSSM contributes less to the equatorial easterly
wind anomalies in the central Indian Ocean than to the
southeasterly wind anomalies over the tropical southeastern
Indian Ocean (Fig. 12). Similar results are also observed for the
correlations of the SCSSMI with the precipitation dipole,
SCSSM Hadley circulation, and 925-hPa wind over the
southeastern Indian Ocean (not shown).

The observed southeasterly wind anomalies favor latent
heat loss from the ocean and lift the thermocline anomalies
over the tropical southeastern Indian Ocean, further cooling
the local cold SST anomalies (Fig. 13a). In Type I models, large
latent heat flux and SSH anomalies strengthened by the
stronger southeasterly wind anomalies correspond to the sig-
nificant correlation between the SCSSMI and JJA EDMI,
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much closer to the observations (Figs. 13a and 14a). On the
contrary, the Type II models have small latent heat flux and
SSH anomalies due to the weaker southeasterly wind anoma-
lies (Fig. 13a); therefore, the correlation between the SCSSM
and JJA EDMI in Type II models are much weaker than in
observations and Type I models (Figs. 13a and 14a). Similar
results can also be found in SON, although the correlation
between the SCSSMI and SON EDMI slightly exceeds 99%
confidence level in Type II models (Fig. 14b). This is consis-
tence with the results in Zhang et al. (2018, 2019) where they
indicated the SCSSM mainly affecting the east pole of the IOD
through the precipitation dipole. The SCSSM has a maximum
correlation with the IOD when the former leads the latter
3—4 months (not shown; Zhang et al. 2018), indicating the po-
tential influence of the SCSSM on SON IOD. As the zonal
gradient of SST anomalies increases over the tropical Indian
Ocean, the western Indian Ocean SST anomalies begin to grow
in JJA and mature in SON under the positive WES and
Bjerknes feedbacks (Fig. 14b), although the SCSSM has dis-
appeared in SON. As a result, the SCSSMI is significantly
correlated with SON WDMI in Type I models, which is com-
parable to the observation (Fig. 14b). It is noted that the sim-
ulated correlation between the SCSSMI and JJA WDMI in the
two types of models are both significant and larger than that in
observations (Fig. 14a), which may possibly result from the
strong warm western Indian Ocean SST bias induced by
the weakened southwest summer monsoon (Li et al. 2015,
2016). Overall, when the Type I (Type II) models simulate



1976

(a) OBS(NCEP1)

JOURNAL OF CLIMATE

(b) Type | models

VOLUME 34

(c) Type Il models

20N 20N 20N
10N |
04
108 -
208 208 ‘
40E  60E  SOE  100E  120E  40E  60E  80E  100E 100E  120E
8 : T B
0N (d) OBS(SODA) 20N (e) Type | models
10N | 10N |
0 - 0
108 108 i
208 - 208 7
40E  60E  SOE  100E 120E  40E  60E  8OE  100E 120E  40E  60E  80E  100E  120E
s 004 T003 002 00T 0 oof o002 003 o004 005
0N (g) OBS(ERSST v5) 0N (h) Type | models 0N (i) Type Il m‘odels
10N |
04
108 ;S
20S e, K) ‘ ‘ ]
S80E  100E  120E  40E  60E  SOE  100E 120E  40E  60E  SOE  100E  120E
o5 04 T 03 02 o071 0 o1 02z 03 o4 o5

FIG. 11. Regression of the latent heat flux anomalies (shading; W m~2) onto the SCSSMI during JJA for (a) the observations, (b) Type I,
and (c) Type Il models. (d)—(i) As in (a)—(c), but for the (d)—(f) SSH (m) and (g)—(i) SST (°C) anomalies. Black stippling indicates the 95%
confidence level. Red and blue rectangles indicate the study areas over the tropical southeastern (90°~110°E, 10°S-0°) and western (50°—

70°E, 10°S-10°N) Indian Ocean, respectively.

successfully (poorly) the precipitation dipole related to the
SCSSM and JJA 10D, the SCSSM has the larger (smaller)
influence on the IOD, especially for the east pole of the IOD.
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FIG. 12. Area-averaged regression coefficients of the precipita-
tion (Precip; 10*kgm ™25~ 1), 925-hPa zonal wind (U; ms™!), and
925-hPa meridional wind (V; ms™ ') anomalies associated with the
SCSSM for OBS (orange bars), Type I (blue bars), and Type II
(gray bars) models over the key regions indicate their mean in-
tensity during JJA. “WNP” and “MC” indicate the western
North Pacific (115°-150°E, 5°-20°N) and Maritime Continent
(100°-140°E, 15°S-0°) regions, respectively. similarly, “EIO’’ and
“CIO” denote the tropical southeastern Indian Ocean (90°-
110°E, 10°S-0°) and central Indian Ocean (70°-90°E, 5°S-5°N)
regions, respectively.
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5. Possible effects of the ENSO on the relationship
between the SCSSM and 10D

The greatest interannual ocean—atmosphere variability on
Earth results from ENSO, which is associated with both the
SCSSM (Hu et al. 2014; Klein et al. 1999; Wang et al. 2003,
2009; Xie et al. 2009) and the IOD (Annamalai et al. 2003; Guo
et al. 2015; Schott et al. 2009; Stuecker et al. 2017; Wang and
Wang 2014; Xie et al. 2002; Yang et al. 2015; Zhang et al. 2015;
Zhang et al. 2019). As a result, ENSO’s impact on the rela-
tionship between the SCSSM and IOD must be considered.
Partial correlations of the SCSSM with the JJA and SON 10D
are shown in Fig. 15, in which JJA ENSO signals for the period
1948-2005 have been removed. A correlation coefficient of 0.52 can
be calculated between the observed SCSSMI and JJA DMI, after
the JJA ENSO signal is removed, the correlation coefficient is re-
duced to 0.49 but remains significant at the 99% confidence level. In
the simulations, the correlation between the SCSSM and the JJA
10D remains significant after the JJA ENSO signals are removed in
20 models but becomes insignificant in three of the models (i.e.,
MIROCS, MPI-ESM-LR, and MPI-ESM-P; Fig. 15a). The SCSSM
is still significantly correlated with JJA IOD in at least 19 models
even after removal of the preceding winter, spring, following au-
tumn, and winter ENSO signals (Fig. 15a).



1 MARCH 2021 ZHANG ET AL. 1977

0.8 0.8
(a) EIO (b) WIO

0.6 - B oes 0.6 -

[_] Type | models

i [ Type Il models
0.4 - 0.4 -

i ol

-0.4 T T -0.4 T T
Latent heat SSH Latent heat SSH
FIG. 13. As in Fig. 12, but for the area-averaged regression coefficients of the latent heat flux (W m~2) and SSH
(m) anomalies associated with the SCSSM for OBS (red bars), Type I (yellow bars), and Type II (green bars)

models over the tropical (a) southeastern (90°-110°E, 10°S-0°) and (b) western (50°-70°E, 10°S-10°N)
Indian Ocean.

In the observations, when the JJA ENSO signals are re- ESM-P) do not show a significant correlation between the
moved, the SCSSM maintains a coefficient of 0.5, remaining SCSSM and the SON I0D; however, 19 models replicate a
significantly correlated with the SON IOD (Fig. 15b). Four significant correlation after JJA ENSO signals are removed
models (INM-CM4.0, MIROCS, MPI-ESM-LR, and MPI- (Fig. 15b). Furthermore, in at least 19 of the models, the
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FIG. 14. (a) The correlation coefficients of the SCSSMI with EDMI and WDMI for OBS (red bars), Type 1
(yellow bars), and Type II (green bars) models during JJA. (b) Asin (a), but for SON. Here, the EDMI and WDMI
are area averaged over the tropical southeastern (90°-110°E, 10°S-0°) and western (50°~70°E, 10°S-10°N) Indian
Ocean, respectively. The black dots in (a) and (b) denote the 99% confidence level.
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FIG. 15. Asin Fig. 4, but for the partial correlation after removing the preceding winter (orange bars), spring (sky
blue bars), simultaneous JJA (gray bars), following SON (gray bars), and winter (violet bars) ENSO signals during
(a) JJA and (b) SON. Dashed lines indicate the 99% confidence level.

correlation coefficients remain significant between the
SCSSMI and SON DMI after the preceding winter and
spring and the following autumn and winter ENSO signals
are removed (Fig. 15b). Similar results can also be ob-
tained even excluding ENSO signals from both the SCSSM
and the IOD by using partial regression analysis (not
shown). These results suggest a significant correlation in at
least 19 of the models between the SCSSM and the IOD
during JJA and SON, despite the slight weakening effect of
the ENSO on the relationship between the 10D and
the SCSSM.
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6. Summary and discussion

Recent studies using observational datasets have re-
ported that the precipitation dipole and SCSSM Hadley
circulation play essential roles in the influence of the
SCSSM on the IOD (Zhang et al. 2018, 2019). Whether this
observed relationship between the SCSSM and the IOD can
be successfully reproduced in CMIPS models is unclear.
This study systematically evaluates the impact of the
SCSSM on the IOD and the relevant physical mechanisms
using 23 CMIPS5 models.
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First, we assess the climatology of the JJA 925-hPa wind and
precipitation and the IOD spatial patterns simulated by the
CMIPS5 models. The spatial patterns of the JJA 925-hPa wind
and precipitation over the SCSSM-related domain (90°-
160°E, 20°S-30°N) are basically consistent with the ob-
served data, especially for the zonal wind with a spatial cor-
relation coefficient exceeding 0.85. Moreover, the models can
capture reasonably the maximum precipitation centers of the
western North Pacific Ocean, South China Sea, and north-
eastern Bay of Bengal. For the 10D, the zonal seesaw
structure over the tropical Indian Ocean is reasonably well
reproduced. In the observations, the models tend to portray
the essential large-scale climate features accurately, not-
withstanding some magnitude biases. The capabilities of the
CMIP5 models in examining the relationship between the
SCSSM and the IOD can therefore be reliably assessed on
this basis.

The significant correlations of the SCSSM with the JJA and
SON IOD can be reproduced in all models. However, not all
the significant correlations may be reasonable in models. Our
previous studies (e.g., Zhang et al. 2018, 2019) indicated that
the SCSSM favors the lower-level wind anomalies over the
tropical southeastern Indian Ocean through the precipitation
dipole, and then enhances the development of the IOD events.
Furthermore, after removing the precipitation dipole signals,
the significant correlation between the SCSSM and JJA 10D
disappears (Zhang et al. 2018). This suggests that the precipi-
tation dipole acts as the bridge linking between the SCSSM and
JJA 1IOD. Of the 23 models, 15 models [i.e., CCSM4,
CESM1(FASTCHEM), CNRM-CM5, CSIRO Mk3.6.0,
FGOALS-g2, GFDL-ESM2G, GFDL-ESM2M, HadGEM2-
AO, INM-CM4.0, IPSL-CM5A-MR, MPI-ESM-MR, MPI-
ESM-P, MRI-CGCM3, NorESM1-M, and NorESM1-ME) can
successfully simulate the precipitation dipole pattern related to
the SCSSM. Similarly, the significant correlations of the IOD
with precipitation over the western North Pacific and Maritime
Continent during JJA in 12 out of 23 models [i.e., CCSM4,
CESM1(FASTCHEM), CNRM-CMS, CSIRO Mk3.6.0,
FGOALS-g2, GFDL-ESM2G, HadGEM2-AO, IPSL-CM5A-
MR, MPI-ESM-LR, MPI-ESM-MR, MPI-ESM-P, and MRI-
CGCM3]. In brief, the contrasting abilities in simulating the
precipitation dipole pattern in each CMIP5 model suggest the
distinct influence of the SCSSM on the I0D.

To further explore the different influence of the SCSSM on
the IOD in CMIP5 models, two categories of models are de-
fined according to their performance in simulating the corre-
lations between the SCSSM and JJA 10D, between the
SCSSM and the precipitation over the western North Pacific
and Maritime Continent, and between JJA IOD and the
precipitation over the western North Pacific and Maritime
Continent. In line with the observations, dipole patterns of
precipitation anomalies in the Type I models are evident and
correspond to the significant SCSSM Hadley circulation
during JJA. The southeasterly wind anomalies intensified by
the precipitation dipole and SCSSM Hadley circulation off
Sumatra and Java coasts tend to enhance the local cold SST
anomalies via positive WES and Bjerknes feedbacks.
Compared with the Type I models, the southeasterly wind
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anomalies over the tropical southeastern Indian Ocean in
Type II models are weaker because of the poor simulation of
the precipitation dipole pattern. The corresponding WES and
Bjerknes feedbacks are much weaker, causing the relatively
smaller cold SST anomalies over the tropical southeastern
Indian Ocean. In SON, the Type I models still have the
maximum intensity based on the positive Bjerknes feedback.
In summary, the better the models simulate the precipitation
dipole pattern associated with the SCSSM and JJA 10D, the
larger the SCSSM impacts on the IOD, especially for the east
pole of the IOD.

The Type I models have been proved to be relatively accu-
rate, although some discrepancies cannot be ignored. For in-
stance, compared with the observations, the precipitation
anomalies over the western North Pacific (Maritime
Continent) are evidently underestimated (overestimated).
Moreover, there is an obvious equatorward shift of the pre-
cipitation anomalies over the SCSSM-related region (90°-
160°E, 20°S-30°N), especially over the western North Pacific
where the southerly biases are larger. This southward shift of
the precipitation may be related to incorrect simulation of the
western Pacific anticyclone in CMIP5 (Song and Zhou
2014a,b), which could be traced back to the excessive mean
error of the equatorial Pacific cold tongue (Li et al. 2019).
Whether the Pacific cold tongue biases affect the relationship
between the SCSSM and the IOD needs to be investigated
further.

The potential influences of the ENSO on the relationship
between the SCSSM and IOD are also examined in this
study. At least 19 out of 23 models can reproduce the sig-
nificant correlation between the SCSSM and IOD during
JJA and SON after removing ENSO signals from the pre-
ceding winter to following winter. This indicates the rela-
tionship between the SCSSM and 10D is little affected by
the ENSO signals. Recently, Zhang et al. (2019) indicated
that the SCSSM and ENSO have individual and synergistic
effects on IOD development. Moreover, the improved
models being run in the CMIP6 project set up by the WCRP
are providing additional data to help explore this issue in the
future (Simpkins 2017; Zhou et al. 2019). The individual and
synergistic effects of the SCSSM and ENSO on 10D de-
velopment in CMIP5 and CMIP6 models require further
systematic study.
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