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ABSTRACT

Experimental outputs of 11 Atmospheric Model Intercomparison Project (AMIP) models from phase 5 of the Coupled
Model Intercomparison Project (CMIP5) are analyzed to assess the atmospheric circulation anomaly over Northern Hemi-
sphere induced by the anomalous rainfall over tropical Pacific and Indian Ocean during boreal winter. The analysis shows
that the main features of the interannual variation of tropical rainfall anomalies, especially over the Central Pacific(CP) (5◦S–
5◦N, 175◦E–135◦W) and Indo-western Pacific (IWP) (20◦S–20◦N, 110◦–150◦E) are well captured in all the CMIP5/AMIP
models. For the IWP and western Indian Ocean (WIO) (10◦S–10◦N, 45◦–75◦E), the anomalous rainfall is weaker in the
11 CMIP5/AMIP models than in the observation. During El Niño/La Niña mature phases in boreal winter, consistent with
observations, there are geopotential height anomalies known as the Pacific North American (PNA) pattern and Indo-western
Pacific and East Asia (IWPEA) pattern in the upper troposphere, and the northwestern Pacific anticyclone (cyclone) (NWPA)
in the lower troposphere in the models. Comparison between the models and observations shows that the ability to simulate
the PNA and NWPA pattern depends on the ability to simulate the anomalous rainfall over the CP, while the ability to simu-
late the IWPEA pattern is related to the ability to simulate the rainfall anomaly in the IWP and WIO, as the SST anomaly is
same in AMIP experiments. It is found that the tropical rainfall anomaly is important in modeling the impact of the tropical
Indo-Pacific Ocean on the extratropical atmospheric circulation anomaly.
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1. Introduction

It is well established that the El Niño–Southern Oscilla-
tion (ENSO) is the most prominent climate mode of interan-
nual variability in the coupled ocean–atmosphere system. El
Niño/La Niña can influence not only tropical regions by caus-
ing variation of the Walker circulation, but also further influ-
ence extratropical regions (e.g., Klein et al., 1999; Alexander
et al., 2002). During El Niño/La Niña mature phases in win-
ter, diabatic heating anomalies over the equatorial central Pa-
cific (CP) can excite the Pacific North American (PNA) pat-
tern (Wallace and Gutzler, 1981) in the Northern Hemisphere
and the Pacific South American (PSA) pattern (Robertson
and Mechoso, 2003) in the Southern Hemisphere. Besides
the atmospheric diabatic heating anomaly over the CP, other
diabatic heating anomalies also appear in the tropical Indo-
western Pacific (IWP) and the tropical western Indian Ocean
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(WIO) during El Niño/La Niña mature phases.
Huang (1986) theoretically and numerically investigated

the response pattern over middle and high latitudes to the heat
source anomaly in low latitudes in winter. In boreal winter,
El Niño/La Niña could further influence East Asian precip-
itation and the winter monsoon system through an anticy-
clonic circulation anomaly in the lower troposphere (Horel
and Wallace, 1981; Wang et al., 1999; Lau and Nath, 2000;
Wang and Weisberg, 2000; Wang et al., 2000; Alexander et
al., 2002; Wang and Zhang, 2002; Lau et al., 2004; Lau and
Nath, 2006). Indeed, it has been demonstrated that oceanic
forcing from the tropical eastern Pacific can instigate a low-
level anticyclone (Weisberg and Wang, 1997), and the associ-
ated air–sea interaction is crucial for rainfall anomaliesover
East Asia (Wu et al., 2009; Lu et al., 2011). Besides, ENSO
events could also impact on the patterns of anomalous tem-
perature and rainfall over East Asia throughout the develop-
ing, mature and decaying phases of ENSO via the impact on
the East Asian Monsoon system (Zhou et al., 2011). ENSO
events play a major role in the summers that follow their ma-
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ture phases. Over the western North Pacific, a teleconnection
pattern named the Pacific–Japan (PJ) pattern was found in
summer by Nitta (1987). Under the summer monsoon sys-
tem, the ENSO-related diabatic heating anomaly center over
the Philippines induces a meridional PJ pattern in the lower
troposphere, which can then further influence the rainfall
and corresponding temperature over Northeast Asia through
the baiu/mei-yu front (Kosaka and Nakamura, 2006, 2010a,
2010b).

The aforementioned studies regarding the effect of El
Niño/La Niña on East Asian atmospheric circulation were
limited to the lower troposphere in both winter and summer.
Based on observational data and a simple atmospheric model
experiment, Zheng et al. (2013) presented the existence of
a new teleconnection pattern induced by a rainfall anomaly
in the IWP that emits from the IWP toward East Asia in the
upper troposphere during boreal winter: the so-called Indo-
western Pacific and East Asia (IWPEA) pattern. This newly
defined wave train pattern is induced by the Indo-western
Pacific dipole (IWPD) mode of the rainfall anomaly, which
shows a similar pattern to the Indian Ocean dipole (IOD)
mode (Saji et al., 1999). The simultaneous correlations be-
tween the IWPD and Niño3.4 index and between the IWPD
and IOD index are 0.87 and 0.68, respectively. Hence, the
IWPD is closely related to the IOD events that occur con-
comitantly with ENSO, and the IWPEA pattern is induced
by the joint effect of the IOD and the ENSO event. It has
also been shown, by using a simple two-layer atmospheric
circulation model, that the heating source is the key factorfor
the IWPEA pattern, and the background mean flow may also
have an influence on the teleconnection pattern (Zheng et al.,
2013).

Therefore, during the development phase of ENSO and
the IOD, the SST pattern over tropical Indo-Pacific regions
will lead to a tropical rainfall anomaly pattern in the follow-
ing winter. The corresponding diabatic heating anomaly over
the CP can excite the PNA and northwestern Pacific anticy-
clone (NWPA) patterns, and the rainfall anomaly over the
IWP and WIO can induce the IWPEA pattern in the upper
troposphere (Lu et al., 2011; Zheng et al., 2013; Wang et al.,

2013). The question is: can these patterns be simulated by
Atmospheric Model Intercomparison Project (AMIP) mod-
els from phase five of the Coupled Model Intercomparison
Project (CMIP5)? If they can, are there any differences be-
tween model simulations and observations? What determines
the extra-tropical atmospheric response to El Niño/La Ni˜na?
The purpose of the present paper is to answer these questions.
The analysis will also help to improve these models in the fu-
ture.

The paper is organized as follows. Section 2 provides a
brief introduction to the data and methods used. Section 3
assesses the simulated rainfall anomaly in the tropical Indo-
Pacific regions. Section 4 describes the relationship between
Northern Hemisphere atmospheric circulation and the trop-
ical Indo-Pacific rainfall anomaly and examines the differ-
ences between model simulations and observations. And fi-
nally, section 5 presents a summary and discussion.

2. Data and methods

The data used in this study include the observations and
outputs of 11 CMIP5/AMIP models (listed in Table 1). There
are many experiments in CMIP5 (Taylor et al., 2012), but
here we use the AMIP experiment that is the standard ex-
perimental protocol for CMIP5 and provides a community-
based infrastructure in support of climate model diagnosis,
validation and intercomparison. The AMIP experiment it-
self is simple by design: it is constrained by realistic SST
from 1979 to 2008, with a comprehensive set of fields saved
for diagnostic research. It shows the atmospheric circulation
responses to the realistic SST, which did not include any er-
rors from the SST differences in coupled climate models of
CMIP5. For each model only one member (“r1i1p1”) run is
used in this study.

To compare the model simulations with the observa-
tion, we also analyze various observational and reanalysis
datasets. The observed rainfall data are from the Climate
Prediction Center (CPC) Merged Analysis of Precipitation
(CMAP) (Xie and Arkin, 1996) from 1979 to 2008. The
SST dataset is from the monthly National Oceanic and At-

Table 1.The CMIP5/AMIP models used in this study.

Model name Institute/country References

BCC-CSM1.1 Beijing Climate Center (BCC), China Meteorological Administration (China) Wu, 2012
CCSM4 National Center for Climate Research (USA) Gent et al., 2011
CNRM-CM5 Centre National de Researchss Meteorologiques (France) Voldoire et al., 2013
FGOALS-g2 Institute of Atmospheric Physics, Chinese Academy of Science (China) Li et al., 2013
FGOALS-s2 Institute of Atmospheric Physics, Chinese Academy of Science (China) Bao et al., 2013
GFDL-CM3 Geophysical Fluid Dynamic Laboratory (USA) Donner et al., 2011
GFDL-HIRAM-C180 Geophysical Fluid Dynamic Laboratory (USA) Anderson et al., 2004
MIROC5 University of Tokyo, Atmosphere and Ocean Research Institute, National In-

stitute for Environmental Studies, and Japan Agency for Marine-Earth Science
and Technology (Japan)

Watanabe et al., 2010

MPI-ESM-LR Max Planck Institute for Meteorology (German) Raddatz et al., 2007
MRI-CGCM3 Meteorology Research Institute (Japan) Yukimoto et al., 2012
NorESM1-M Norwegian Climate Center (Norway) Bentsen et al., 2012
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mospheric Administration Extended Reconstructed SST V3b
(ERSST V3b) (Smith et al., 2008). The atmospheric data
used in this study are from the National Centers for Environ-
mental Prediction/National Center for Atmospheric Research
(NCEP/NCAR) reanalysis dataset (Kalnay et al., 1996). The
climatology is based on the time period of 1979–2008 corre-
sponding to the model outputs.

For comparing similarities and differences between the
different CMIP5/AMIP models and the observed results, we
have interpolated all model simulations to a 2.5◦×2.5◦ hor-
izontal resolution based on the NCEP/NCAR data. First, we
examine the climatology and interannual variability of the
tropical rainfall for the period 1979–2008. Following previ-
ous studies (e.g., Zheng et al., 2013), three rainfall indexes are
defined in assessing the effect of the simulations. Regression
analysis shows the impact of the tropical rainfall anomaly on
the Northern Hemisphere atmospheric circulation anomaly.
The observed Niño3.4 index is used as a unified indicator in
the regression analysis. To focus on the interannual variabil-
ity, the linear trend has been removed from the original data.

According to Takaya and Nakamura (2001), the wave-
activity flux [Eq. (1)] is parallel to the local three-dimensional
group velocity of Rossby waves, and hence suitable for a
snapshot diagnosis of the three-dimensional propagation of
wave packets of migratory and stationary eddies on a zonally-
varying basic flow.
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U andV in Eq. (1) represent the monthly mean zonal and
meridional wind, respectively;P is the pressure normalized

by 1000 hPa; andψ ′ denotes the monthly anomalous stream
function at the 200 hPa level, with the subscriptsx andy refer-
ring to their partial differentials in the zonal and meridional
direction, respectively.

3. Simulated tropical Indo-Pacific rainfall

The AMIP experiments used in this study are constrained
by realistic SST from 1979 to 2008. In order to examine the
reproducibility of climatological mean and interannual varia-
tion of the rainfall response to the SST forcing in the AMIP
experiments, we calculated the climatological mean and in-
terannual standard deviation (ISD) of the tropical rainfall in
December–February (DJF) compared with the observed re-
sults. Figure 1a illustrates that all of the models simulatewell
the positions of the climatological maximum rainfall, which
are located in the Intertropical Convergence Zone (ITCZ) and
South Pacific Convergence Zone (SPCZ). Figure 1b shows
that the rainfall ISD is of the same magnitude compared with
the climatological rainfall. It indicates that the simulated ISD
of tropical rainfall in the multi-model ensemble (MME) can
capture the basic features in the observation (the maximum
center locates near the dateline). However, the MME result
shows larger rainfall ISD over the IWP (20◦S–20◦N, 110◦–
150◦E) and the entire South Indian Ocean (0◦–20◦S). Despite
the differences of intensity in the simulated rainfall ISD,it
still locates where the climatological maximum rainfall band
lies, and this will lead to significant rainfall interannualvari-
ation that may have an influence on the atmospheric circula-
tion through the release of latent heat of condensation.

The ISD of the rainfall anomaly in the CP (5◦S–5◦N,

Fig. 1. (a) Climatological mean rainfall and (b) interannual standard deviation of rainfall anomalies in
DJF from 1979 to 2008 in the observation (shading) and MME mean (dashed contour).
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175◦E–135◦W) and the IWPD index [the standard deviation
of the rainfall anomaly differences between the IWP (20◦S–
20◦N, 110◦–150◦E) and WIO (10◦S–10◦N, 45◦–75◦E)] dur-
ing 1979–2008 are shown in Table 2. The simulated ISD
of the rainfall is quite different among these models. Over
the CP, seven out of the 11 models simulate a stronger rain-
fall ISD compared to the observed result. Over the IWP and
WIO, most of the simulated amplitude is much weaker than
the observation except for the MRI-CGCM3 model in the
IWP and the MPI-ESM-LR, CNRM-CM5, GFDL-CM3 and
FGOALS-s2 models in the WIO. All the IWPD indexes in
the models are smaller than in the observation.

Figure 2a shows that the simulated CP rainfall anomaly
corresponds to the observation well with a correlation coef-
ficient of 0.99. The rainfall index can clearly depict El Niño
events: 1982/83, 1986/87, 1991/92, 1994/95, 1997/98 2002/
03, 2006/07; and La Niña events: 1984/85, 1988/89, 1995/96,
1998/2000, 2005/06 and 2007/08. There are some differences
in amplitude between the observation and simulations. The
simulated rainfall anomaly indexes in the IWP (Fig. 2b) and
in the WIO (Fig. 2c) are also close to the observations (0.85
for IWP and 0.61 for WIO), but the differences are larger than
in the CP.

In summary, the 11 CMIP5/AMIP models perform well in
simulating the climatological mean and variation of the trop-
ical rainfall, especially in the CP. But how will the rainfall
anomaly in the tropical regions influence the Northern Hemi-
sphere atmospheric circulation? Do these models have the
ability to reproduce the teleconnection patterns? We attempt
to address these questions in the next section.

4. Relationship between the Northern Hemi-
sphere atmospheric circulation anomaly
and tropical Indo-Pacific rainfall anomaly

Although the SST anomaly is the same in different mod-
els, the tropical rainfall anomalies are different becauseof

Table 2. The interannual standard deviation (ISD; units: mm d−1)
of the rainfall anomaly over the CP and the IWPD index in the ob-
servation and 11 CMIP5/AMIP outputs (bold values indicate those
models in Group1 and Group3).

Model CP IWPD

(a) CMAP (observation) 2.96 2.04
(b) MPI-ESM-LR 4.05 1.92
(c) FGOALS-g2 3.38 1.55
(d) CCSM4 3.24 1.07
(e) CNRM-CM5 3.20 1.64
(f) GFDL-CM3 3.19 1.28
(g) NorESM1-M 3.10 1.13
(h) MRI-CGCM3 3.09 1.81
(i) FGOALS-s2 2.95 1.41
(j) MIROC5 2.37 1.21
(k) BCC-CSM1.1 2.13 1.23
(l) GFDL-HIRAM-C180 2.04 0.73

the different convection and coupled ocean–atmosphere pa-
rameterization schemes and other settings among the models.
The different tropical rainfall anomalies will lead to different
diabatic heating sources in the atmosphere, and then cause
the different response in the atmosphere. In order to prove
that the different response of the atmospheric circulationto
ENSO is dependent on the intensity of the tropical rainfall
anomalies in the different models, in this section we ana-
lyze the relationship between the Northern Hemisphere atmo-
spheric circulation anomaly and tropical Indo-Pacific rainfall
anomaly by dividing the models into different groups accord-
ing to their simulation ability of the tropical rainfall variation
over different regions.

4.1. CP rainfall anomaly and corresponding teleconnec-
tion patterns

The intensity of the PNA teleconnection pattern is related
to tropical central-eastern Pacific rainfall (Lee et al., 2009).
Based on their ability in simulating the CP rainfall variation,
the 11 CMIP5/AMIP models are divided into two groups. The
models in Group1 have a stronger climatological (4.0 mm
d−1 in Group1 ensemble and 2.8 mm d−1 in Group2 ensem-
ble) and ISD (listed in Table 2; Group1 includes those mod-
els with larger CP rainfall ISD than the observation of 2.96
mm d−1) of rainfall over the CP: MPI-ESM-LR, FGOALS-
g2, CCSM4, CNRM-CM5, GFDL-CM3, NorESM1-M, and
MRI-CGCM3; whereas the rest (Group2) have a weaker
rainfall ISD: FGOALS-s2, MIROC5, BCC-CSM1.1, and
GFDL-HIRAM-C180. The climatological rainfall and the
ISD over the CP are positively correlated with each other be-
tween the two model group ensembles. To address the North-
ern Hemisphere atmospheric circulation response to the CP
rainfall anomaly during boreal winter, a regression map of the
DJF 200-hPa geopotential height anomaly (H200A) onto DJF
Niño3.4 index was calculated (Fig. 3). The simulated PNA
patterns are well captured in both groups (Figs. 3b and c)
in comparison with the observation (Fig. 3a). The PNA pat-
tern shows negative anomalies of geopotential height over the
Northeast Pacific, positive anomalies over Canada, and nega-
tive anomalies over the southeastern United States (Horel and
Wallace, 1981). As shown in Fig. 3, the ray path of the PNA
wave train connecting the anomalous centers is directed pole-
ward first, then curves eastward, and is finally directed back
equatorward (Hoskins and Karoly, 1981). Due to the strong
CP rainfall simulated in the Group1 models, the simulated
PNA pattern in the Group1 models is stronger than that of
the Group2 models, although the SST anomaly is the same
in the 11 CMIP5/AMIP models.

Further evidence to support the idea that the intensity of
the PNA pattern is correlated with the CP rainfall variationis
shown in the scatter diagram in Fig. 3d. It shows the rela-
tionship between the maximum value of the 200-hPa geopo-
tential height anomaly ISD over the negative center related
with the PNA pattern (30◦–60◦N, 180◦–120◦W) and the CP
rainfall ISD. The result indicates that the intensity of thePNA
pattern intensifies with the CP rainfall variation at the corre-
lation coefficient 0.51, and through the scatter we can dis-
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Fig. 2. Time series of rainfall anomaly (units: mm d−1) over the (a) CP, (b) IWP, and (c) WIO in DJF
and the correlation coefficients between the observation and the MME. Years represent the average of
the December in that year and the following January and February.( a ) ( b )

( c ) ( d )
 






 





Fig. 3. Regressions of the DJF 200-hPa geopotential height anomalyon the DJF Niño3.4 index from 1979 to
2008 (contours at 10 m intervals; 0 is thickened) in the (a) observation (b, c) two groups of CMIP5/AMIP
models. The grey shading denotes the 90% confidence level forH200A. (d) Scatter diagram (y-axis units: m;
x-axis units: mm d−1) of the intensity of the PNA negative center [y-axis represents the maximum value of the
200-hPa geopotential height anomaly ISD over (30◦–60◦N, 180◦–120◦W)] and the CP rainfall ISD. The red
dashed line in (d) indicates the criterion of the grouping.

tinguish that most of the Group1 models simulate the PNA
pattern stronger than those in Group2, except for some bias
in models MRI-CGCM3, CNRM-CM5 and MIROC5. Con-
cerning the model bias due to some unclear settings, these
results are robust enough to identify that the intensity of the

PNA pattern is dependent on the atmospheric diabatic heating
(rainfall) anomaly over the CP.

Another important feature regarding the ENSO’s influ-
ence on atmospheric circulation is the anomalous anticyclone
(cyclone) in the Northwestern Pacific (east of the Philippines
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in the lower troposphere) during El Niño/La Niña (Wang et
al., 1999; Wang and Weisberg, 2000; Wang et al., 2000; Wu
et al., 2010a). The atmosphere–ocean coupled Rossby wave
induced by the SST anomaly in the eastern equatorial Pacific
propagates westward to the western Pacific in the lower tro-
posphere and then leads to the decrease (increase) of the lo-
cal SST. Through the local ocean–atmosphere interactions,
the anomalous anticyclone (cyclone) is formed (Wang et al.,
1999; Wang and Weisberg, 2000; Wang et al., 2000; Wu et al.,
2010b). In the above-mentioned studies, the main concern is
its relationship with the SST anomaly in either the tropical
Eastern Pacific or Indian Ocean, or the local SST anomaly
condition. Besides, Zhou et al. (2009) showed that, in the
CMIP3/AMIP models, the prominent feature of the first lead-
ing mode of Asian–Australian monsoon variability includes
the anticyclonic anomaly over the western North Pacific dur-
ing DJF, and the strength of it in the AMIP models is also
associated with deficiencies in the simulated intensities of
the rainfall anomaly. Our focus, however, is whether it is
dependent on the rainfall anomaly over the CP. In order to
check whether this feature is shown in the 11 CMIP5/AMIP
models, we calculated the regressions of 850-hPa wind and
geopotential height anomalies onto the DJF Niño3.4 index
(Fig. 4). All of the CMIP5/AMIP models can reproduce the
anomalous anticyclone east of the Philippines in the lower

troposphere. In the Group1 models (Fig. 4b), the simulated
anomalous anticyclone is much stronger than that in the ob-
servation (Fig. 4a), as well as in the Group2 models (Fig.
4c), due to the intensified rainfall variation over the CP.

The relationship between the CP rainfall ISD and the
maximum 850-hPa geopotential height anomaly ISD [over
(0◦–20◦N, 115◦–145◦E)] also illustrates that the intensity of
the intensity of the NWPA varies with the CP rainfall ISD as
well (0.62 in Fig. 4d). The scatter in Fig. 4d indicates that all
the Group2 models show a weaker NWPA than the observa-
tion and those models in Group1, except for the FGOALS-s2
model. This result also backs up the implication from the re-
gression analysis in the above two groups that the CP rainfall
anomaly is a key factor affecting the wintertime anomalous
anticyclone or cyclone in the northwestern Pacific driven by
remote ENSO forcing.

In general, the CMIP5/AMIP experiments simulate the
rainfall variation over the CP well. It is found, through the
SST anomaly being the same in the 11 CMIP5/AMIP mod-
els, that the intensity of the PNA pattern and the lower tro-
pospheric atmospheric circulation anomaly east of the Philip-
pines correlates well with the intensity of the rainfall anomaly
over the CP. This illustrates that the intensity of the diabatic
heating anomaly over the CP can affect the intensity of the
PNA pattern and the wintertime anomalous anticyclone or

 




  





Fig. 4. Regressions of the DJF 850-hPa wind anomaly (vectors) and geopotential height anomaly (contours at
1-m intervals; 0 is omitted) on DJF Niño3.4 index from 1979 to 2008 in the (a) observation and (b, c) two
groups of CMIP5/AMIP models. The grey shading denotes the 90% confidence level for H850A. (d) Scatter
diagram (y-axis units: m;x-axis units: mm d−1) of the intensity of the NWPA positive center [y-axis represents
the maximum value of the 850-hPa geopotential height anomaly ISD over (0◦–20◦N, 115◦E–145◦W)] and the
CP rainfall ISD. The red dashed line in (d) indicates the criterion of the grouping.
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cyclone in the northwestern Pacific.

4.2. IWP and WIO rainfall anomaly and the correspond-
ing IWPEA pattern

Besides the PNA pattern, from Figs. 3a–c we can also
address the influence of ENSO on East Asian upper tropo-
spheric atmospheric circulation. Corresponding to the CP
rainfall anomaly induced by ENSO, the anomalous Walker
circulation will lead to a west–east dipole pattern of the bo-
real winter rainfall over the tropical IWP and WIO (IWPD),
and induce the IWPEA pattern over East Asia (Zheng et al.,
2013). In the CMIP5/AMIP models, it can be found that the
East Asian atmospheric responses to ENSO in both Group1
and Group2 are a little weaker than in the observation (Figs.
3a–c). This is because the rainfall anomaly over the IWP
and WIO (Figs. 2b and c) and the IWPD (Table 2) indexes
are smaller than in the observation. A multiple linear regres-
sion analysis shows that the rainfall anomalies over both the
IWP and WIO make a contribution to the wave train pattern.
Meanwhile the regression of the 200-hPa geopotential height
anomaly onto the IWP rainfall anomaly is more similar to the
IWPEA pattern, which is a regression onto the Niño3.4 index

as a unified indicator, compared with the results of the re-
gression onto the WIO rainfall anomaly. Therefore, we take
the IWP and WIO rainfall variation jointly into consideration
in the following analysis. The models are categorized into
another two groups based on the IWPD indexes. Models in
Group3 (IWPD index>1.3 mm d−1: MPI-ESM-LR, MRI-
CGCM3, CNRM-CM5, FGOALS-g2 and FGOALS-s2) sim-
ulate the tropical rainfall variation closer to the observation
and larger than in Group4 (the rest of the models).

In order to verify the simulation of the interannual varia-
tion of the upper tropospheric atmospheric circulation in the
11 CMIP5/AMIP models, regression analysis of DJF H200A
and horizontal wave-activity flux [defined in Eq. (1)] onto
the DJF Niño3.4 index is applied in Fig. 5. The horizontal
wave-activity flux is suitable for a snapshot analysis of sta-
tionary or migratory eddies on a zonally-varying basic flow
(Takaya and Nakamura, 2001) and presents the propagating
low-frequency perturbation energy. Figure 5 examines the
relative importance of the anomalous rainfall over the trop-
ical IWP and WIO in the IWPEA wave train and shows
the existence of the IWPEA wave train pattern in the 11
CMIP5/AMIP models. Comparing Figs. 5a, b and c, it is

Fig. 5. Regression of the DJF 200-hPa level geopotential height anomaly (contours at 5-m intervals; 0 is thick-
ened) and wave-activity flux [vectors; only shown are they > 0 m2 s−2 meridional components, with the scalar
in the top-right corner of (a)] on DJF Niño3.4 index from 1979 to 2008 in the (a) observation and (b, c) two
groups of CMIP5/AMIP models. The grey shading denotes the 90% confidence level for regressed H200A. (d)
Scatter diagram (y-axis units: m;x-axis units: mm d−1) of the intensity of the IWPEA negative center [y-axis
represents the maximum value of the 200-hPa geopotential height anomaly ISD over (20◦–35◦N, 100◦–120◦E)]
and the IWPD rainfall index. The red dashed line in (d) indicates the criterion of the grouping.
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found that both groups (Group3 and Group4) simulate well
the IWPEA wave train from the tropical IWP toward North-
east Asia. However, the amplitude of the wave train and
wave-activity flux in Figs. 5b and c are smaller than in Fig.
5a (observation), and this is because the IWPD indexes in the
11 models are smaller than in the observation (Table 2). In
particular, as the IWPD index is larger in Group3 than in
Group4, the amplitude of the wave train and wave-activity
flux are larger in Group3 than in Group4 (Figs. 5b and c).

For the IWPEA pattern, we also analyzed the relation-
ship between the maximum value of the 200-hPa geopoten-
tial height anomaly ISD corresponding to the IWPEA pattern
[over (20◦–35◦N, 100◦–120◦E)] and the IWPD rainfall index
in each of the models, as shown in Fig. 5d. The ISD of the
IWPEA negative center is well correlated with the variation
of the IWPD index at 0.68. Due to the weaker IWPD index in
the models, nearly all the models show a weaker intensity of
the IWPEA pattern, especially in Group4; and furthermore,
most of the models in Group4 show much weaker IWPEA
intensity than those in Group3.

Based on the above analysis, both the observational data
and the models forced by realistic SST in general jointly ver-
ify the existence of the IWPEA pattern in the upper tropo-
sphere. The difference in the anomalous heating released
by the anomalous rainfall over the IWP and WIO is the
key factor in determining the existence and intensity of the
teleconnection pattern. As the IWPD indexes are weaker
in all the CMIP5/AMIP models, the simulated intensity of
the IWPEA pattern is weaker than that in the observation.
In MPI-ESM-LR, MRI-CGCM3, CNRM-CM5, FGOALS-
g2 and FGOALS-s2 (five models of Group3), the simulated
IWPEA pattern is more similar to that in the observation, and
this is because the IWPD indexes are closer to the observa-
tion.

5. Summary and discussion

In this study, the interannual variability of the rainfall
anomaly in the tropical Pacific and Indian Ocean and its
influence on Northern Hemisphere atmospheric circulation
was analyzed based on observations and CMIP5/AMIP ex-
periments forced by realistic SST. The climatological mean
of the rainfall in the simulated situations shows that the
CMIP5/AMIP experiments can capture the basic features of
the rainfall patterns over the tropics, while the ISD of the
rainfall anomaly shows some differences in intensity. It is
found that the CMIP5/AMIP simulations can reproduce the
anomalous rainfall signal well, especially over the CP and
IWP. In order to verify the impact of the rainfall anomaly
over tropical Indo-Pacific regions on Northern Hemisphere
atmospheric circulation, regressions of the H200A and wave-
activity flux based on the Niño3.4 index were conducted. The
results show that a stronger rainfall ISD over the CP will lead
to a stronger PNA and NWPA pattern.

For the IWP and WIO, the newly defined IWPD index is
weaker in the 11 CMIP5/AMIP models and therefore leads to

a weaker wave train pattern from the IWP toward East Asia.
The intensity of the positive–negative H200A and north-
ward wave-activity fluxes in different models and groups
show that the differences of the diabatic heating anomaly
between the IWP and WIO induced by the tropical rainfall
anomaly there is the key factor regulating the IWPEA pattern.
For the IWPEA pattern, some CMIP5/AMIP models, such
as MPI-ESM-LR, MRI-CGCM3, CNRM-CM5, FGOALS-
g2 and FGOALS-s2, are able to simulate it well, because
they can reproduce the IWPD pattern of the rainfall anomaly
closer to the observation.

In this paper, the key point was to detect the relationship
between the intensity of the tropical rainfall anomaly and the
atmospheric teleconnection pattern response when the SST
anomaly was the same in different CMIP5/AMIP simula-
tions. The CMIP5/AMIP experiment is designed to be forced
by realistic SST, and thus mainly focuses on atmospheric in-
ternal variation and its responses to observed SST without the
ocean–atmosphere interaction processes like those in the cou-
pled models. Hence, there are significant differences in the
convection and coupled ocean–atmosphere parameterization
schemes in different models. These differences in model de-
sign will lead to different tropical responses in differentmod-
els, as well as variation in the atmospheric background field,
such as the simulation of the monsoon system. Therefore,
the different tropical rainfall anomalies will lead to different
diabatic heating sources in the atmosphere and subsequently
cause different responses in the atmosphere. These aspects
need to be examined in further work.
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