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Abstract The authors present results for El Nifio-Southern
Oscillation (ENSO) and East Asian-western North Pacific cli-
mate variability simulated in a new version high-resolution
coupled model (ICM.V2) developed at the Center for
Monsoon System Research of the Institute of Atmospheric
Physics (CMSR, IAP), Chinese Academy of Sciences. The
analyses are based on the last 100-year output of a 1000-
year simulation. Results are compared to an earlier version
of the same coupled model (ICM.V1), reanalysis, and obser-
vations. The two versions of ICM have similar physics but
different atmospheric resolution. The simulated climatological
mean states show marked improvement over many regions,
especially the tropics in ICM.V2 compared to those in
ICM.V1. The common bias in the cold tongue has reduced,
and the warm biases along the ocean boundaries have im-
proved as well. With improved simulation of ENSO, includ-
ing its period and strength, the ENSO-related western North
Pacific summer climate variability becomes more realistic
compared to the observations. The simulated East Asian
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summer monsoon anomalies in the El Nifio decaying summer
are substantially more realistic in ICM.V2, which might be
related to a better simulation of the Indo-Pacific Ocean capac-
itor (IPOC) effect and Pacific decadal oscillation (PDO).

1 Introduction

There is a developing demand for more accurate climate pre-
dictions with models that contain more detailed physical, chem-
ical, and biological processes. To meet this demand, an im-
proved higher-resolution model is often considered as one ap-
proach. Williamson et al. (1995) obtained a significant im-
provement in the model performance when the horizontal res-
olution changes from T21 to T42 in a spectral model but small
improvement when the resolution increases from T42 to T216.
Sensitive experiments have been conducted with a global cli-
mate model (GCM) to examine the impacts of the spatial reso-
lution on the model performance. Roeckner et al. (2006) found
that ECHAMS does not bring a more realistic climate state
when the horizontal resolution increases from T42 to T159,
while the simulations improve with vertical levels increasing
from 19 to 31. Using the new version ECHAM®6, Hertwig et al.
(2015) analyzed the effect of the horizontal resolution on the
simulation of the mean climate state and climate variability.
They stated that the biases of simulations, including the mean
state and the variance, reduce with the increase of the horizontal
resolution, especially in extra-tropical troposphere, but the sim-
ulation of precipitation is still a major problem. Owing to the
great development of computation power, previous studies
have the opportunity to test the results of coupled models with
much higher resolution. Sakamoto et al. (2012) showed im-
proved simulations, especially in orographic effects and coastal
upwelling, with a high-resolution coupled model. Gent et al.
(2010) demonstrated great improvements in mean state using
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the National Center for Atmospheric Research (NCAR)
Community Climate System Model (CCSM) with an atmo-
spheric resolution of 0.5°. In addition, other researchers obtain
improvements in different aspects in different CCSM versions
with higher resolution (Bryan et al. 2010; McClean et al. 2011).
Delworth et al. (2012) presented results of different versions of
GFDL coupled model with the horizontal resolution ranging
from 200 to 50 km. The results show marked improvement of
simulations over many regions, especially the tropics where
there are strong atmosphere-ocean interactions.

However, simulations with higher-resolution models, espe-
cially coupled models, will increase dramatically the cost of
computations. In order to achieve the specific goals, the bal-
ance between resolution and computation should be taken into
consideration. On the other side, there is indication that in-
creasing resolutions have minor benefits (Williamson et al.
1995; Roeckner et al. 2006). Thus, some coarse-resolution
model is still used in the scientific researches owing to the
small computation time.

In the goal of predicting the seasonal climate anomaly over
the East Asian-western North Pacific (EA-WNP), especially
the East Asian summer monsoon (EASM), a coupled model,
called the integrated coupled model (ICM), has been devel-
oped (Huang et al. 2014). EASM is a dominant climate system
in the EA-WNP, which has great social and economic influ-
ences (Rodwell and Hoskins 2001; Jiang et al. 2008; Hu et al.
2013). Many researches have indicated that the El Nifio-
Southern Oscillation (ENSO) has a large impact on the
EASM in the following summer through an anomalous
anticyclone/cyclone over the western North Pacific (WNP)
(Zhang et al. 1999; Wang et al. 2000, 2003). During the El
Niflo mature phase, Wang et al. (2000) proposed the local
wind-evaporation (WES) feedback mechanism is the key pro-
cess to maintain the anomalous anticyclone over the WNP.
Moreover, many other researches tend to emphasize the role
of the tropical Indian Ocean warming (Yang et al. 2007; Wu
et al. 2009; Xie et al. 2009). These two mechanisms are com-
bined and named as the Indo-western Pacific Ocean capacitor
(IPOC) effect by Xie et al. (2016); they mentioned both mech-
anisms are available just in a two-stage evolution. In order to
predict the EASM, the status of the relationship between
ENSO and EASM is of major significance. However, the re-
lationship is unstable (Wang 2002) and impacted by many
factors, such as Indian Ocean warming (Hu et al. 2013), the
Pacific decadal oscillation (PDO; Mantua et al. 1997), and so
on. For example, Feng et al. (2014) mentioned the PDO in a
different phase may modulate the ENSO-EASM relationship
through the decay speed of El Nifio during 1957-2011.
Moreover, the climate model is a useful tool to study the
relationship between the ENSO and the EASM. Using a
preindustrial control simulation from CCSM4, Song and
Zhou (2015) found the ENSO-EASM relationship is modu-
lated by the PDO.
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The purpose of this paper is to examine the effect of atmo-
spheric horizontal resolution on the performance of the ICM.
For that purpose, we compare the simulations of the ICM with
two different horizontal resolutions of the atmospheric model:
T31 (3.75° x 3.75°) and T63 (1.8° x 1.8°). Except for the
atmospheric horizontal resolution, the rest of the model, in-
cluding the ocean portion and physic processes, is the same.
We want to know whether the biases of mean climate states
and the variability decrease with the increase of atmospheric
horizontal resolution in the coupled model simulation.

The model applied here, the ICM, the experiment design,
and the data used in this paper are introduced in Section 2.
Results of mean climate states and main biases are examined
through comparison with reanalysis and observations in
Section 3. Sections 4 and 5 analyze the difference of the
ENSO, the East Asian summer monsoon in the decaying
ENSO summer year, and the IPOC effect between modeled
and the observations. A summary is presented in Section 6.

2 Model and data

The ICM is an atmosphere-ocean-sea ice coupled general mod-
el without flux adjustment, which is developed at the Center for
Monsoon System Research, Institute of Atmospheric Physics
(CMSR/IAP), Chinese Academy of Sciences, since 2008. This
model integrates the Hamburg Atmospheric General
Circulation Model Version 5 (ECHAMS) (Roeckner et al.
2003) and the Nucleus for European Modeling of the Ocean
Version 2.3 (NEMO 2.3) (Madec 2008) using the Ocean
Atmosphere Sea Ice Soil Version 3 (OASIS3) (Valcke 2006)
as the coupler. The framework of ICM is similar to the Kiel
Climate Model (KCM) (Park et al. 2009) and SINTX (Gualdi
et al. 2003; Luo et al. 2005). More details of ICM.V1 can be
found in Huang et al. (2014).

The simulations analyzed in this paper have two different
atmospheric horizontal resolutions, 3.75° % 3.75° in ICM.V1
and 1.8° x 1.8° in ICM.V2, but the same 19 levels in the
vertical. Besides the different atmospheric horizontal resolu-
tion, the time step of the atmospheric model is changed from
2400 s in ICM.V1 to 1200 s in ICM.V2. The time step of the
oceanic model is the same at 2400 s. The coupling frequency in
ICM.V2 is the same as that in ICM.V1, once per 4 h. Each
simulation is integrated for 1000 years. The results of higher-
resolution simulation are interpolated to the lower one in the
following analysis. Except for the atmospheric horizontal reso-
lution and the time step in the atmospheric model, the rest of all
settings are the same in the two versions of model simulations.

In this paper, some observation data are used with the pe-
riod from 1981 to 2010. These include sea surface temperature
(SST) from the Hadley Center (HadISST) (Rayner et al.
2003), the 850-hPa and 10-m winds from the National
Centers for Environmental Prediction/National Center for
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Atmospheric Research (NCEP) reanalysis (Kalnay et al.
1996) and the Japanese 55-year Reanalysis Project (JRA-55)
(Kobayashi et al. 2015) data, respectively, and the precipita-
tion from the Global Precipitation Climatology Project
(GPCP) (Adler et al. 2003). The analyses of model simulation
are based on the last 100-year output of the 1000-year integra-
tions. All of the above observations and ICM.V2 simulation
data are interpolated to the ICM.V1 grid for comparison.

3 The climatological mean state

In this section, we compare the annual and seasonal mean
states of high- and low-resolution simulations with reanalysis
data and observations to examine whether an increase in the
horizontal resolution in the coupled model improves the rep-
resentation of the mean state.

Figure 1 shows the annual mean SST from the Hadley
Center (HadISST) and the difference between models and
HadISST. The cold biases of SST in ICM.V1 are found in
tropical, subtropical, and high-latitude regions. The mean
SST simulation is improved in ICM.V2. Compared to
ICM.V1, the biases in westerly wind stress decrease at 40° S
in the Antarctic Circumpolar Current (ACC) area in ICM.V2,
which leads to a reduction in the cold biases in the ACC area.
So does the cold tongue in the tropic Pacific. Moreover, in
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some ocean boundaries, the unusual positive biases are much
reduced in ICM.V2 compared to those in ICM.V1. For in-
stance, along the east coast of subtropical South and North
Pacific, the biggest warm bias reaches almost 5 and 6 °C,
respectively, in ICM.V1. These boundary biases are better
controlled and the SST mean state simulation is better assured
in ICM.V2. Meanwhile, with increasing atmospheric resolu-
tion from T31 to T63, ICM.V2 has a better simulation of mean
SST in different seasons (not shown).

The distribution of model simulated precipitation and
GPCP observations are shown in Fig. 2. The two model ver-
sions simulate well the main shapes of the precipitation distri-
butions, including the Mei-Yu rain band and “C” pattern in the
tropics. One common bias in the two versions of the models is
an apparent double-ITCZ distribution with the precipitation
overestimated over the tropical oceans. Stevens et al. (2013)
indicated that increasing resolution has little contribution to
decreased precipitation bias over different ECHAM versions.
Our results suggest a different result. The ICM.V2 reduces
precipitation in East Asia and maritime continent, which is
much closer to the observations than the ICM.V2. In the cen-
tral tropical Pacific, however, more precipitation appears in
ICM.V2, which is worse than in ICM.V1. According to pre-
vious studies, double-ITCZ bias cannot be fully explained by
the SST bias owing to the deep convection behaving differ-
ently even with a prescribed SST forcing (Zhang et al. 2007,
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Fig. 1 Annual mean SST distribution in a the observation (HadISST) and b the simulated in ICM.V2. The difference between the simulation in ¢

ICM.V1 and the HadISST, and d ICM.V2 and the HadISST
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Fig. 2 Annual mean precipitation distribution in a the observation (GPCP) and b the simulated in ICM. V2. The difference between the simulation in ¢

ICM.V1 and the GPCP, and d ICM.V2 and the ICM.V1

Chikira 2010), but that bias can be mitigated through modify-
ing convective parameterization (Song and Zhang 2009;
Zhang and Song 2010; Hirota et al. 2011) and using higher
resolution of the ocean models with better equatorial trades
(Hirota and Takayabu 2013). It will be our future work to
improve ICM.V2’s performance in precipitation simulation.

To quantify the spatial distribution in two model versions
compared to observations, Fig. 3a shows the Taylor plots of
SST and precipitation in annual mean and different seasons
between the simulated and observations. The red and black
colors represent ICM.V1 and ICM.V2, respectively. From the
Taylor plots, both model versions have better performance in
SST than precipitation. Meanwhile, the black dots, which rep-
resent the high-resolution model version, always show greater
correlations and less standardized deviations with observa-
tions .in annual and seasonal means (numbers 1 to 5 in Fig.
3). That means some improvements of the skill of the models
in reproducing the spatial patterns of SST and precipitation
with increasing horizontal resolution, and the higher resolu-
tion of ICM has a better performance in simulating the climate
state of SST and precipitation.

Figure 3b displays the Taylor plots of 850-hPa meridional,
zonal wind, and the amplitude of wind in annual mean and
different seasons between the simulated and observations.
Similar to Fig. 3a, with increasing horizontal resolution, the
climate mean states of 850-hPa winds have improved to some

@ Springer

extent. The ICM.V2 simulation has a higher correlation with
NCEP reanalysis data than the ICM.V1 simulation.

4 The inter-annual variability of ENSO

In the Pacific Ocean, the dominant inter-annual mode is the
ENSO. Many previous studies showed that the seasonal cycle
of the equatorial Pacific SST plays a dominant role in the
development of El Nifio events (Wang and Picaut 2004;
Guilyardi 2006). The seasonal cycle of SST deviation from
the annual mean over the equatorial Pacific in observation and
two model simulations is shown in Fig. 4. Compared to the
observations, both model versions simulate the seasonal cycle
similar to the observations, and the spatial correlation with the
observation is 0.67 in both simulations. The spatial structure,
however, in the higher-resolution version resembles more
closely that in the Hadley SST. At around 150° W, ICM.V1
has an unreal positive anomaly in May and a negative anom-
aly in October. In ICM.V2, the structure has a better match
with the observations, with the large positive and negative
value center concentrated between 120° W and 90° W,

The more realistic simulation in the spatial structure of the
seasonal cycle of SST in the equatorial Pacific ensures a better
simulation of ENSO in the high-resolution version. The inter-
annual variance of tropical Pacific SST is shown in Fig. 5. The
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Fig. 3 Taylor diagrams showing a skill score for the model
reproducibility of the a SST and precipitation pattern and the b 850-hPa
meridional and zonal wind pattern, based on the monthly global data for
each season and annual mean (represented by numbers 1 to 5). The

large variance is present along the equatorial Pacific in the
observations and model simulations. Specifically, the large
variance region extends excessively westward in ICM.V1,
which to some extent has been subdued in ICM.V2.

The power spectrum of Nifio3 SST is shown in Fig. 5b. The
period of ENSO is around 3.75 years in the observations. Both
versions of models can represent well the observed spectrum.
In comparison, the period has improved in the high-resolution
version. The peak is around 3.33 years in ICM.V2, which is
closer to the observation compared to that in ICM.V1
(2.7 years). The improvement of the ENSO variability in
ICM. V2 could be associated with the improved climatological
SST in the high-resolution model version (Fig. 1 and Fig. 2).
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pattern correlation with the observation pattern (from 1981 to 2010) is
shown as the azimuthal position, while the radial distance indicates the
standard deviation

5 The western North Pacific summer climate

In summertime, the most important characteristic is the Mei-
Yu rain band over East Asia. The abundant moisture for the
Mei-Yu comes from the tropical ocean through the summer
monsoon winds. The summer monsoon variability has a great
impact on the economy because it brings flood or drought
disaster (Zhou et al. 2014). So the summer monsoon is a vital
target in climate model simulations. In this section, we evalu-
ate the performance of the two versions of model simulations
in this aspect.

In Fig. 6a—c, the summer precipitation and 850-hPa wind
over the East Asian and the western North Pacific are shown.
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Fig. 4 a Observed, b ICM.V1, and ¢ ICM.V2 modeled seasonal cycle of SST deviation from the annual mean (°C) over the equatorial Pacific
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north and east. This bias has lessened in ICM.V2 in which the
location and pattern of the anticyclone and the rain band are
much closer to the observations over East Asia.

Over East Asia and the western North Pacific, the inter-
annual variability of summer circulation is characterized by
the Pacific-Japan (PJ) teleconnection with a distinct triple me-
ridional structure. According to Kosaka et al. (2013), the PJ
pattern is calculated through an empirical orthogonal function
(EOF) analysis applied to the summer (JJA) 850-hPa vorticity
anomaly (0-60° N, 100-160° E), and then the principal com-
ponent (PC1) is regressed on the precipitation and 850-hPa
wind anomaly. The obtained PJ pattern is shown in Fig. 6d—.
We can see a clear triple meridional structure with positive,
negative, positive precipitation anomalies over East Asia as-
sociated with anticyclone, cyclone, anticyclone wind anoma-
lies, respectively, in the observations (Fig. 6d). In ICM.V 1, the
magnitude of the simulated precipitation matches well with
the observations. However, the orientation of the precipitation
pattern shifts northward at the subtropical latitude. Moreover,

Fig. 7 Correlation of April-May
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the corresponding 850-hPa wind pattern has a great deviation
as well and the north branch of the anticyclone anomaly at
high latitude is not visible. The performance of ICM.V2 in
simulating the PJ pattern has great improvement. The location
and magnitude of the circulation anomaly agree well with the
observations although the magnitude of precipitation is slight-
ly reduced.

As we showed above, the simulation of ENSO is improved
in ICM.V2, including the period and SST anomaly pattern.
How would the ENSO influence the western North Pacific
summer climate? In the decaying summer of El Nifio, an
anomalous anticyclone often forms over the western North
Pacific (WPAC). This WPAC is regarded as a bridge linking
the ENSO and western North Pacific summer climate (Wang
et al. 2000). Moreover, researches have emphasized the func-
tion of the Indian Ocean (Yang et al. 2007; Wu et al. 2009; Xie
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different roles in early and late summer. In the decaying early
summer of ENSO, the WPAC and Northwest Pacific cooling
are coupled via wind-evaporation-SST (WES) feedback
(Wang et al. 2000). During the late summer, the mechanism
changes to the interaction of the WPAC and north Indian
Ocean warming. So in our following analysis, we discuss
ENSO impacts on the western North Pacific summer climate
in the early and late summer.

Similar to the results of Xie et al. (2016), the observations
show great cooling in the Northwest Pacific in April-May
(AM) (Fig. 7a), which is associated with an anomalous anti-
cyclone in low-level circulation. But in July—August (JA)
(Fig. 7d), the cooling basically disappears and the Indian
Ocean warming takes charge. The WPAC is formed through
the whole summertime and reaches larger amplitude in late
summer. In the low-resolution model, the Northwest Pacific
cooling is much weaker than observation in AM (Fig. 7b), and
the north Indian warming does not reach the observed magni-
tude as well (Fig. 7c). In the simulation of the high-resolution
version, the Northwest Pacific cooling in AM (Fig. 7¢) and the
north Indian Ocean warming (Fig. 7f) have great improve-
ment, with the associated 850-hPa wind anomaly featuring
distinct WPAC, which is quite close to the observations.
Nonetheless, the magnitude of the Northwest Pacific cooling
in AM and the north Indian Ocean warming is still lower than
the observations, leading to the WPAC located somewhat
eastward. Hence, the IPOC effect plays an important role in
the ENSO-related western North Pacific summer climate.
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Generally speaking, the high-resolution version is a better
choice to investigate the ENSO and its impact on the western
North Pacific summer climate.

Besides the IPOC effect, many previous studies have men-
tioned that Pacific decadal oscillation (PDO) plays an impor-
tant role in modulating the ENSO-EASM relationship (Feng
et al. 2014; Dong and Dai 2015; Song and Zhou 2015). PDO
is the leading mode in the North Pacific Ocean (Mantua et al.
1997). As Feng et al. (2014) mentioned, PDO in a different
phase may modulate the ENSO-EASM relationship through
the decay speed of El Nifio during 1957-2011, and during the
high PDO phase, El Nifio decays slowly and has a strong
anchor to the north Indian Ocean warming, which leads to
the anomalous EASM. So next, we discuss the difference of
simulation of the PDO between models and observation.

We apply the EOF analysis to the SST anomaly 20° N,
and the PDO index is defined using the standardized PC1.
Figure 8 shows the regression of the PDO index on SST
in the Pacific Ocean. In Fig. 8a, a dipole pattern of the
SST anomaly lies over the North Pacific with the warm
center anomaly in the center-east tropical Pacific and the
cool center anomaly at around 20—40° N. The PDO sim-
ulated in ICM.V1 (Fig. 8b) has a great difference from the
observations, especially the tropical branch, with the
warm center anomaly too cooler and the cool center
anomaly slightly shifted westward. In contrast, the perfor-
mance of ICM.V2 in simulating the PDO shows great
advantage in both the pattern and magnitude (Fig. 8c).
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Fig. 8 The regression of the PDO index on SST (shade; °C) in the Pacific Ocean from a Hadley, b ICM.V1, and ¢ ICM.V2
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The warm center anomaly is concentrated in the tropical
Pacific, and the magnitude is closer to observation than
ICM.V1. In ICM.V2’s simulation, the PDO (Fig. 8) and
the period of ENSO (becomes longer which is analyzed in
Section 4) both are relatively similar to the observation,
and the IPOC effect is greater than ICM.V1. These pro-
cesses are well matched with the results of Feng et al.
(2014). Therefore, the better simulations of the PDO and
IPOC effect in a higher-resolution model may have a cer-
tain degree of contribution to the better performance over
the western North Pacific summer climate.

6 Conclusions

This study analyzes whether and to what degree the perfor-
mance of ICM benefits from the horizontal resolution in-
crease from ICM.V1 to ICM.V2. ICM is an ocean-
atmosphere coupled model with the atmospheric model
ECHAMS.3 (Roeckner et al. 2003) and the ocean part
NEMO2.3 (Madec 2008) coupled by Oasis3 (Valcke
2006). Both the simulations in high- and low-resolution ver-
sions of the model are compared to reanalysis and observa-
tion data from aspects of annual mean states in SST and
precipitation. The results show that the SST simulation has
obvious improvement in the high-resolution version, includ-
ing the reduction in the cold bias in the tropic Pacific, which
is a common bias in coupled model simulations, and the
ocean boundary biases. This may result from the improved
surface wind simulation in the atmospheric model. On the
other side, the simulation in precipitation is still a great
challenge in GCM. But, there is relative improvement in
the performance of precipitation simulation in ICM.V2 over
the Maritime Continent and East Asia, where the low-
resolution version model has simulated excessively high
rainfall. Moreover, we find that the high-resolution version
shows greater correlations with and less standardized devia-
tions from observations in annual to seasonal mean SST,
precipitation, and winds. That means some improvements
of the skill of the models in reproducing the spatial patterns
of SST, precipitation, and winds with increasing horizontal
resolution. The higher-resolution ICM has a better perfor-
mance in simulating the climate state of SST, precipitation,
and winds. The East Asian summer monsoon has quite an
improvement with respect to precipitation and the associated
circulation pattern. In addition, the dominant inter-annual
mode over the western North Pacific, the PJ pattern, is
reproduced better as well, especially with respect to the
shape. But the magnitude is still too small.

In the performance of inter-annual variability ENSO,
through comparing the season cycle of equatorial Pacific
SST and the period and pattern of ENSO, the high-
resolution version shows better performance than the low-

resolution one. That indicates that the high resolution has a
better simulation of ENSO. Then, we investigate the impact of
ENSO on the western North Pacific summer climate. With the
increasing horizontal resolution, ICM.V2 has shown large
promotion on the Northwest Pacific cooling in early summer,
which via WES feedback intensifies the WPAC (Wang et al.
2000), and on the north India warming (Wu et al. 2009; Xie
et al. 2009) in late summer which strengthens the WPAC and
affects the western Pacific summer climate. Overall, the high-
resolution version model shows a better performance in sim-
ulating ENSO and its impact on the western Pacific summer
climate. The better simulation of the IPOC effect which has
better performance on the ENSO-related western North
Pacific summer climate in the high-resolution model is one
reason; moreover, we investigate the other plausible reason
and find that the high-resolution model has an improved sim-
ulation of PDO. The warm center anomaly is more concen-
trated on the center-east tropical Pacific, and the cold center
anomaly is more eastward to the center of the North Pacific in
the high-resolution version, resembling more the observations
than in the low-resolution version. Additionally, according to
previous studies, many other factors, such as the spring North
Atlantic Oscillation (NAO; Wu et al. 2012) and the East Asian
winter monsoon (EAWM; Feng and Chen 2014), may have an
impact on the ENSO-EASM relationship, which needs a de-
tailed investigation in our future study. Meanwhile, we also
should realize that the ENSO-EASM relationship is unstable
(Wang 2002; Song and Zhou 2015).

Based on the present analyses, it can be concluded that the
high-resolution ICM has a large improvement in the perfor-
mance of mean state and western North Pacific summer cli-
mate. It is a better choice to use the [CM.V2 version of ICM to
make further investigation on other research topics. But still,
more assessments and improvements should be taken to study
the possible biases on simulating other climate systems, in-
cluding time scales ranging from inter-annual to inter-decadal.
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