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modulating the horizontal water vapor transport rather than 
the vertical motion, since the horizontal water vapor trans-
port into EAL is strongly modulated by SST but the verti-
cal motion over EAL is not. Previous studies argued about 
the relative importance of tropical Indian Ocean and tropi-
cal Pacific Ocean to East Asian summer rainfall anomalies. 
Our idealized experiments performed by CAM4 suggest 
that the contributions from these two ocean basins are com-
parable to each other, both of which account for approxi-
mately 6 % of the total IAV of rainfall over EAL.

Keywords  Rainfall · Interannual variance · Sea surface 
temperature

1  Introduction

Summer is the rainy season for East Asia which is affected 
by the monsoon. The interannual variability of the East 
Asian summer rainfall is regulated by multiple fac-
tors, such as the atmospheric internal dynamics (Lu et  al. 
2006; Kosaka et  al. 2012; Song et  al. 2013), the sea sur-
face temperature (SST) forcing (Chang et  al. 2000; Wang 
et al. 2013; Zuo et al. 2013), and land–atmosphere interac-
tion (Zhang et al. 2011; Duan et al. 2012; Li et al. 2015). 
Among the factors affecting East Asian summer rainfall, it 
is widely accepted that the most important source of pre-
dictability originates from the SST anomalies (Lin et  al. 
2012; Yim et  al. 2014; Wang et  al. 2015), especially the 
SST anomalies (SSTA) directly or indirectly associated 
with El Nino-Southern Oscillation (ENSO) (Yang et  al. 
2008, 2012; Zuo et al. 2013; Wang et al. 2013). SST anom-
alies over some key regions are widely used as predictors 
for East Asian summer rainfall anomaly (Wu et  al. 2009; 
Cao et al. 2013; Wang et al. 2013).
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The SST anomalies affect East Asian summer rainfall 
anomalies by modulating water vapor transport associated 
with anomalous circulation (Zhang 2001; Zhou and Yu 
2005; Li et al. 2014). As a result of warm SST anomalies 
over tropical Indian Ocean (Li et al. 2008; Xie et al. 2009; 
Wu et al. 2010) or cold SST anomalies over equatorial cen-
tral Pacific Ocean (Wang et  al. 2013; Xiang et  al. 2013), 
an anomalous anticyclone forms over the western North 
Pacific. By modulating horizontal water vapor transport, 
this anomalous anticyclone induces excessive rainfall over 
the Yangtze River Valley, and deficient rainfall over South 
China and North China (Chang et  al. 2000; Zhang 2001; 
Zhou and Yu 2005; Li et al. 2014). Tropical Indian Ocean 
(TIO) and Tropical Pacific Ocean (TPO) are both claimed 
as key regions responsible for summer rainfall anomalies 
over East Asia. Some previous studies emphasized the 
importance of TIO (Xie et  al. 2009; Kosaka et  al. 2013) 
but others argued the TPO is more important to East Asian 
summer rainfall anomalies (Wang et al. 2013; Xiang et al. 
2013).

Despite its crucial role on the precipitation variability 
in the tropics, the impact of SST on rainfall variability is 
much limited in the extra-tropics, especially in summer 
(Koster et al. 2000; Conil et al. 2007; Sun and Wang 2014). 
Studies focused on drought have revealed that the drought 
events are stochastically generated over most mid-latitude 
land regions, while SST only plays a secondary role (Fer-
guson et  al. 2010; Stevenson et  al. 2015). However, most 
of these studies are focused on North America or from a 
global perspective, and it is still unclear to what extent is 
the interannual variability of East Asian summer rainfall 
forced by SST.

Almost all of the previous studies which quantitatively 
assessed the potential predictability of climate are based on 
only one model (e.g., Conil et al. 2007; Koster et al. 2000; 
Sun and Wang 2014; Stevenson et al. 2015). It is inevita-
ble that their results may be model dependent (Conil et al. 
2007). Recently, the 5th phase of Coupled Model Intercom-
parison Project (CMIP5; Taylor et  al. 2012) has released 
a large set of simulations performed by multiple models, 
motivating us to quantitatively assess the contribution 
of SST to East Asia summer rainfall variability under the 
multi-model framework. The following two scientific ques-
tions will be addressed in this study: (1) To what extent is 
the interannual variability of East Asian summer rainfall 
forced by SST? How does it differ from the surrounding 
western Pacific Ocean? (2) Which oceanic region contrib-
utes more to the East Asian summer rainfall variability, 
TIO or TPO?

The rest of this paper is organized as follows. Section 2 
describes the models, data and the methods. A brief model 
evaluation against observation is presented in Sect.  3. A 
comparison of CMIP5-AGCMs between the fixed SST 

simulation and interannual-varying SST simulation is 
presented in Sect.  4. Furthermore, idealized experiments 
performed by Community Atmospheric Model Version 4 
(CAM4) are analyzed in Sect.  5. Finally, the conclusion 
and discussion are presented in Sect. 6.

2 � Models, data and methods

Multiple kinds of simulations by a large number of models 
were collected by CMIP5 (Taylor et al. 2012). The model 
simulations provided by CMIP5 include the AMIP simu-
lation forced by observed interannual varying SST from 
1979 to 2008, and the SSTClim simulation forced by fixed 
annual cycle of SST derived from the climatology of pre-
industrial control run. The SSTClim simulation are run for 
30 years, and the monthly output of models which contain 
both AMIP and SSTClim simulations are analyzed in this 
study. The interannual climate variability in AMIP simu-
lations are modulated by both SST forcing and Non-SST 
factors, such as atmospheric internal dynamics and land–
atmosphere coupled processes. In contrast, the interannual 
climate variability in SSTClim simulation is driven by 
only Non-SST factors. A comparison between AMIP and 
SSTClim simulations helps us to understand how much of 
the interannual variability is forced by SST. There are 12 
models which contain both AMIP and SSTClim simula-
tions among all the CMIP5 models, and these 12 models 
are selected for analyses (Table  1). Multi-model Median 
(MMM) is calculated as the median of the 12 models, and 
the inter-model spread is shown as the standard deviation 
of the 12 models. The median of the models is less affected 
by outliers than the multi-model mean value (Gleckler et al. 
2008).

It is worth noting that the fixed SST annual cycle in 
SSTClim simulation is derived from the pre-industrial con-
trol run, which is not exactly the same as the climatology 
in the AMIP run. To corroborate the results obtained from 
CMIP5 models, additional experiments are performed by 
CAM4 (Neale et  al. 2010). The CAM4 experiments are 
performed under a finite volume dynamic core, which is 
equivalent to a horizontal resolution of 1.9° ×  2.5°. The 
control simulation (CTL) is forced by interannual-varying 
monthly SST from 1900 to 2000 (Hurrell et  al. 2008), 
similar to the AMIP simulation in CMIP5. Besides, F_SST 
experiment is performed by forcing CAM4 with the clima-
tological annual cycle of SST which exactly equals the SST 
climatology in CTL run. The F_SST experiment is also run 
for 101  years, and the last 100  years of CTL and F_SST 
experiments are selected for analysis.

To investigate the relative importance of TIO SST and 
TPO SST to East Asian summer rainfall, another two 
experiments named F_TIO and F_TPO are done with 
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CAM4. The only difference between F_TIO and CTL is 
that the SST over TIO (30°S–30°N, 40°–110°E) is fixed as 
the climatological annual cycle in F_TIO run. The only dif-
ference between F_TPO and CTL is that the SST over TPO 
(30°S–30°N, 150°E–90°W) is fixed as the climatological 
annual cycle. The F_TIO and F_TPO experiments are also 
run for 101  years and the last 100  years are selected for 
analysis.

Given the uncertainty in precipitation observation 
(Collins et  al. 2013), two monthly precipitation datasets 
are adopted in the model evaluation part in Sect.  3. They 
include the version-2 Global Precipitation Climatology 
Project (GPCP) data (Adler et  al. 2003), and the CPC 
Merged Analysis of Precipitation (CMAP) data (Xie and 
Arkin 1997). For all the model outputs and observational 
data, monthly values for June, July and August (JJA) of 
each year are averaged into seasonal mean before further 
analyses.

Two metrics were adopted by previous studies to meas-
ure the amplitude of interannual variability, including 
standard deviation (Lu and Fu 2010; Fan et al. 2014; Sun 
and Wang 2014) and variance (Kumar and Hoerling 1995; 
Koster et  al. 2000; Ferguson et  al. 2010; Stevenson et  al. 
2015). In this study, we measure the interannual variabil-
ity in terms of Interannual Variance (IAV) calculated as the 
variance of the 8-year high-pass filtered time series. The 
variance of the sum of two independent random variables 
equals the sum of their variance, but such law doesn’t apply 
to standard deviation. This is why we choose to use vari-
ance rather than standard deviation.

The total IAV in reality (IAV(Tot)) is contributed by 
SST-forced component (IAV(SST)) and Non-SST fac-
tors (IAV(Non)). Supposing the SST forced variability is 

independent from the Non-SST induced variability, the 
relationship IAV(Tot) = IAV(SST) + IAV(Non) holds. For 
CMIP5 models, The IAV in AMIP simulation (IAV(AMIP)) 
is an estimation of IAV(Tot), and the IAV in SSTClim 
simulation (IAV(SSTClim)) is an estimation of IAV(Non). 
Therefore, the SST contribution to the total IAV can be 
estimated as 1-IAV(SSTClim)/IAV(AMIP) for CMIP5 
models. The fraction of SST contribution for each model 
is calculated, and then the MMM is obtained. For CAM4 
experiments, the IAV in CTL and the F_SST experiments 
are the estimations of IAV(Tot) and IAV(Non), respectively. 
The SST contribution to the total IAV can be estimated as 
1-IAV(F_SST)/IAV(CTL) in CAM4.

The relative contributions of SST forcing from TIO and 
TPO can be estimated by comparing F_TIO and F_TPO 
experiments with CTL experiment of CAM4. The con-
tribution of TIO SST to the total IAV can be estimated as 
1-IAV(F_TIO)/IAV(CTL), since the interannual variabil-
ity in F_TIO experiment is induced by all the other factors 
except the TIO SST forcing. Similarly, the contribution of 
TPO SST can be estimated as 1-IAV(F_TPO)/IAV(CTL), 
since the interannual variability in F_TPO experiment 
is induced by all the other factors except the TPO SST 
forcing.

3 � Model evaluation on the IAV of summer rainfall

The simulated IAV of rainfall is evaluated against obser-
vation in this section. Given the uncertainty in observa-
tion (Collins et al. 2013; He and Zhou 2015), we use two 
precipitation datasets, including GPCP and CMAP. As 
seen in both GPCP and CMAP (Fig.  1), the IAV of JJA 

Table 1   Information about the 12 CMIP5 models in this study

The IDs in the leftmost column are used to indicate the model names in Figs. 2b and 4b

ID Model name Modeling group

1 BNU-ESM College of Global Change and Earth System Science, Beijing Normal University (GCESS)

2 bcc-csm1.1 Beijing Climate Center, China Meteorological Administration (BCC)

3 CCSM4 National Center for Atmospheric Research (NCAR)

4 CSIRO-Mk3.6.0 Commonwealth Scientific and Industrial Research Organization in collaboration with Queensland Climate Change Cen-
tre of Excellence (CSIRO-QCCCE)

5 FGOALS-s2 LASG, Institute of Atmospheric Physics, Chinese Academy of Sciences (LASG-IAP)

6 GFDL-CM3 NOAA Geophysical Fluid Dynamics Laboratory (NOAA GFDL)

7 inmcm4 Institute for Numerical Mathematics (INM)

8 IPSL-CM5A-LR Institut Pierre-Simon Laplace (IPSL)

9 MIROC5 Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean Research Institute (The University of 
Tokyo), and National Institute for Environmental Studies (MIROC)

10 MPI-ESM-LR Max-Planck-Institut für Meteorologie (Max Planck Institute for Meteorology) (MPI-M)

11 MPI-ESM-MR

12 MRI-CGCM3 Meteorological Research Institute (MRI)
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precipitation is higher in the tropics than in mid-latitudes. 
The magnitude of IAV is consistent between these two 
datasets north of 20°N, but differs a lot south of 20°N. 
For most areas between the equator and 20°N, the IAV of 
precipitation in CMAP is 50  % higher than in GPCP. In 
this study, we do not intend to conclude which dataset is 
superior to the other, but we should bear in mind that great 
observational uncertainty exists not only in the mean state 
of seasonal rainfall (He and Zhou 2015) but also in its IAV 
over tropical western Pacific.

The general spatial pattern of IAV in observation data is 
captured by the MMM of AMIP simulation (IAV(AMIP)), 
including the generally higher IAV in the tropics than in 
mid-latitudes, and the local maximum over the eastern side 
of the Philippines (Fig.  2a). The spatial pattern of MMM 
is closer to CMAP than GPCP, since the IAV in the MMM 
is much higher than GPCP but comparable with CMAP in 
the tropics (see Fig. 1). Compared with CMAP, The MMM 
estimated IAV is higher over most of the East Asian land 
regions, South China Sea and eastern Bay of Bengal, but 
lower over equatorial central Pacific.

Given the magnitudes of IAV in precipitation are differ-
ent among East Asian land (EAL), tropical western Pacific 

(TWP) and mid-latitude Pacific (MWP), the regional aver-
aged IAVs are shown separately for these three regions as 
bar charts in Fig. 2b. The MMM estimated regional aver-
aged IAVs for the EAL and TWP are higher than both 
GPCP and CMAP, but close to the observations over MWP. 
Although the IAV for the TWP is overestimated for about 
four times in bcc-csm1.1 and MRI-CGCM3 (denoted as 
“2” and “12” in Fig.  2b), the MMM is not substantially 
misled by these outlier models, suggesting the superiority 
of multi-model median to multi-model average (Gleckler 
et al. 2008). We will use all of the 12 models to construct 
the MMM in the following section for three reasons. First, 
the multi-model median is not sensitive to outliers. Second, 
outliers in climatology simulation are not necessarily outli-
ers in other aspects (this will be stated in the following sec-
tion). Third, excluding outlier models may result in a too 
small sample size.

4 � SST contribution estimated by CMIP5 models

The spatial pattern of IAV for rainfall in the SSTClim sim-
ulation of CMIP5 MMM is shown in Fig. 3a, which is an 

(a)

(b)

Fig. 1   Observed climatology of the IAV for JJA mean precipitation 
rate [unit:(mm/day)2]. a, b are derived from GPCP and CMAP data-
sets, respectively. The black dotted regions in b indicates that the IAV 
estimated by CMAP is 1.5 times greater than GPCP

(a)

(b)

Fig. 2   a The multi-model median (MMM) of the IAV for JJA precip-
itation in AMIP simulations (IAV(AMIP)). b Regional averaged IAV 
for GPCP (G), CMAP (C), Multi-model median (M) and individual 
models (1–12). Red bars indicate the East Asian Land average (land 
regions within 20°–60°N, 90°–150°E), blue bars indicate the Tropical 
West Pacific average (oceanic regions within 0°–30°N, 130°–180°E), 
and orange bars indicate the Mid-latitude West Pacific average (oce-
anic regions within 30°–60°N, 130°–180°E). The legend on the left 
(right) y-axis are for the red and orange bars (blue bars)
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estimation of the rainfall variability induced by Non-SST 
factors. The difference of IAV between AMIP and SST-
Clim simulations is shown in Fig.  3b, which is an esti-
mation of the SST forced component of summer rainfall 
variability. The SST forced variance is comparable to Non-
SST induced variance in most of the tropics, but is smaller 
than the Non-SST induced IAV in mid-latitudes and EAL 
regions. Over EAL, the Non-SST induced IAV decreases 
smoothly from the southeast to the northwest, which gener-
ally follows the pattern of climatological IAV (see Figs. 1, 
2a). Over the western Pacific Ocean, the SST forced 
IAV falls sharply from the south to the north along 30°N 
(Fig.  3b). Over East Asia, the SST forced component is 
characterized by a sharp land-sea contrast along the south-
ern coast. There is no obvious difference in the magnitude 
of SST forced IAV between southeast China and the inland 
dry regions (Fig.  3b), while the Non-SST induced IAV is 
higher in the southern part than the northern part (Fig. 3a).

Figure 4a shows the spatial pattern of 1-IAV(SSTClim)/
IAV(AMIP) for summer rainfall as estimated by CMIP5 

MMM, which is an estimation of the percentage of SST 
contribution to total IAV. The contribution of SST decreases 
sharply from the south to the north along the southeastern 
coast of China. Little difference is seen between southern 
part of East Asia and northern part of East Asia, consistent 
with previous studies who showed no substantial difference 
between northern China and southern China in summer 
whereas higher contribution from SST to southern China 
in winter (Wu et  al. 2003, their Fig.  6). The percentage 
of SST contribution is estimated to be below 0 for some 
regions over EAL and MWP, which may be induced by 
noise related to limited sample size (only 12 models) and 
the available data length (only 30 years). The percentage of 
SST contribution to the IAV of rainfall over EAL is much 
smaller than TWP but characterized by similar magnitude 
as MWP. The value of 1-IAV(SSTClim)/IAV(AMIP) is 
above 0.4 for most of the TWP, especially for the equato-
rial regions within 150˚-180˚E where it exceeds 80 %. The 
difference between IAV(SSTClim) and IAV(AMIP) is sig-
nificant at the 95 % confidence level over most of tropical 
oceans but not in EAL and MWP.

(a)

(b)

Fig. 3   a The IAV of precipitation contributed by Non-SST factors, 
as estimated by the SSTClim simulation (IAV(SSTClim)) of CMIP5 
multi-models median. b The IAV of precipitation contributed by 
SST, as estimated by the CMIP5 multi-model median of differ-
ence between AMIP and SSTClim experiments, i.e., IAV(AMIP)-
IAV(SSTClim)

(a)

(b)

Fig. 4   a The fraction of SST contribution to the total IAV of pre-
cipitation, as estimated by the CMIP5 multi-model median (MMM) 
based on SSTClim and AMIP simulations, i.e., 1-IAV(SSTClim)/
IAV(AMIP). The black dotted regions indicate the difference in 
the IAV between SSTClim and AMIP simulations is significant 
at the 95  % confidence level. b The regional averaged values of 
1-IAV(SSTClim)/IAV(AMIP) for MMM (M) and the individual mod-
els (1–12). The red, blue and orange bars are the regional averages 
for East Asian land, tropical western Pacific, and mid-latitude western 
Pacific, respectively
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Given to noise seen in the spatial pattern, it may be use-
less to discuss the fraction of SST-contribution at a single 
grid point or over a small area. Only the regional average 
over large areas are meaningful. The EAL and MWP regions 
are large enough to contain several negative centers and 
several positive centers with relatively large values, and the 
regional averaging over EAL and MWP regions could effec-
tively suppress the noise. The regional averaged values of 
1-IAV(SSTClim)/IAV(AMIP) for MMM and all the 12 mod-
els are shown in Fig. 4b, which are estimations of the percent-
ages of SST contribution to the total IAV over EAL, TWP 
and MWP, respectively. The MMM estimated percentages of 
contribution by SST are 18.4 % for EAL, 58.2 % for TWP, 
and 26.2 % for MWP. Except for CSIRO-Mk3.6.0 (denoted 
as “4” in Fig. 4b), all of the other models are consistent that 
the fractions of SST contribution over EAL and MWP are 
smaller than TWP, and most of the individual models agree 
that the fractions of SST contribution to EAL and MWP are 
comparable with each other. In brief, the SST-contributed 
fractions to total IAV in summer rainfall are comparable 
between EAL and MWP, which are far lower than the TWP.

For the two outlier models bcc-csm1.1 and MRI-
CGCM3 in the simulation of climatology, bcc-csm1.1 
(denoted as “2” in Fig. 4b) seems an outlier again in terms 
of negative SST contribution over EAL, but it is close to 
the MMM over the TWP and MWP (Fig.  4b). The SST-
contributed fractions estimated by MRI-CGCM3 are close 
to the MMM for all the three regions (denoted as “12” in 
Fig. 4b). Therefore, it is not reasonable to exclude a model 
simply because it is an outlier in a certain aspect of the cli-
matology simulation, since it is not necessarily outliers in 
other aspects.

How does the interannual SST variability modulate the 
interannual rainfall variability? Previous studies suggested 
the importance of horizontal water vapor transport (Zhang 
2001; Zhou and Yu 2005; Li et al. 2012, 2014). Since the 
water vapor transport at 850  hPa is proximately propor-
tional to the vertically integrated water vapor transport 
(Zhou and Yu 2005; Wang and Chen 2012), we examined 
the values of 1-IAV(SSTClim)/IAV(AMIP) for 850  hPa 
water vapor transport by zonal and meridional winds in 
Fig.  5a–d. Since vertical motion in the mid-troposphere 
is another direct factor in regulating the rainfall, we also 
examined the value of 1-IAV(SSTClim)/IAV(AMIP) for 
vertical velocity at 500 hPa (Fig. 5e–f).

The fraction of SST contribution to horizontal water 
vapor transport shares similar spatial pattern as that of pre-
cipitation. Slightly higher contribution from SST is seen 
for horizontal water vapor transport than precipitation 
over EAL, and the difference between IAV(SSTClim) and 
IAV(AMIP) is significant at the 95 % confidence level over 
a large part of EAL and MWP within 20°N–40°N (Fig. 5a, 
c). As seen in the regional averages, the SST contributions 

to the total IAV of zonal water vapor transport are 44.8, 
79.4, and 40.3  % for EAL, TWP and MWP, respectively 
(Fig. 5b, d), and the contributions of SST to the meridional 
water vapor transport are 34.4, 50.0 and 24.4 % for EAL, 
TWP and MWP, respectively. The contributions from SST 
forcing are comparable for the EAL and MWP, which are 
much lower than the TWP.

In contrast to the horizontal water vapor transport, the 
fraction of SST-contribution to vertical velocity at 500 hPa 
is approximately 0 over EAL, which explains why the SST 
contribution to rainfall is lower than the SST contribu-
tion to water vapor transport. There is a sharp decrease in 
the percentage of SST contribution from the south to the 
north along the southern coast of East Asia (Fig. 5e). The 
MME estimated regional average of 1-IAV(SSTClim)/
IAV(AMIP) is −4.0 % for EAL and 5.3 % for MWP, both 
of which are approximately 0 (Fig. 5f), suggesting the IAV 
for the vertical velocity is not affected by the SST over 
EAL and MWP. As proposed by Johnson and Xie (2010), 
the deep convection in tropical oceans are strongly modu-
lated by local SST relative to the tropical averaged SST, 
but this law doesn’t apply to land regions and mid-latitude 
oceans. This may explain why the SST contribution is far 
larger for TWP than over EAL and MWP.

The above evidences in Fig.  5 suggest that the SST 
impacts the IAV of rainfall over EAL and MWP by mod-
ulating the horizontal water vapor transport, rather than 
modulating the vertical velocity. Many previous studies 
revealed the role of horizontal water vapor transport in con-
necting the tropical SST and East Asian rainfall (e.g., Zhou 
and Yu 2005; Li et al. 2012, 2014), but few studies docu-
mented the relationship between vertical motion on EAL 
with the SST. Therefore, our results are consistent with pre-
vious studies.

In short, the above results based on CMIP5 models sug-
gest two points. First, the percentage of SST contribution to 
the interannual variability of summer rainfall is much lower 
for the EAL and MWP compared with the TWP, but there 
is no significant difference between the southern part and 
the northern part of EAL. Second, the SST anomalies reg-
ulate the interannual variability of rainfall by modulating 
horizontal water vapor transport into EAL and MWP, while 
the IAVs of vertical velocity over EAL and MWP have lit-
tle relation with SST forcing. The above results based on 
12 CMIP5 models have provided a model-independent esti-
mation of SST forcing. But a defect in the above analyses 
is that the climatology of SST differs between AMIP and 
SSTClim simulations, since AMIP simulation is forced by 
observed SST whereas SSTClim simulation is forced by 
the SST generated by coupled models. To overcome this 
defect, model experiments are performed with CAM4, 
using exactly the same climatology of SST in CTL and F_
SST runs, and the results are discussed in Sect. 5.
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5 � SST contribution estimated by CAM4 
experiments

Figure  6 shows the spatial pattern of 1-IAV(F_SST)/
IAV(CTL) for precipitation, 850 hPa water vapor transport 
and 500  hPa vertical motion in CAM4 experiments. The 
spatial pattern is noisier than the MMM of CMIP5, but it 
supports the major results in Sect. 4. First, the fraction of 
SST-contributed IAV is lower in mid-latitude than in trop-
ics, and the difference between EAL and MWP is small 
(Fig. 6a–d). Second, the percentage of variance explained 
by SST is in general the highest for the horizontal water 
vapor transport (Fig.  6b, c), followed by precipitation 
(Fig. 6a) and the lowest for vertical velocity.

The regional averages derived from Fig. 6 are shown in 
Fig. 7. SST contributes 17.7, 41.9 and 7.8 % to the total 
IAV of rainfall over EAL, TWP and MWP, respectively, 

which are consistent with the results obtained by CMIP5 
models. Over EAL region, the regional averaged SST-
contributed fractions are 21.1 and 26.8  % for the zonal 
and meridional water vapor transport, and 7.9 % for the 
vertical velocity. These results based on CAM4 confirm 
that the SST impacts the IAV of rainfall over EAL by 
modulating horizontal water vapor transport, rather than 
by modulating the vertical velocity over EAL, consistent 
with the conclusion drawn based on CMIP5 models. For 
the MWP, the CAM4 estimated SST-contributions are 
slightly different from CMIP5 models, and the percent-
ages of IAV contributed by SST are 8.1, 2.0 and 6.6  % 
for zonal, meridional water vapor transport and vertical 
motion. Nevertheless, the zonal water vapor transport is 
still more affected by SST than vertical motion, and it 
may still be the major mediator connecting the IAV of 
MWP rainfall with SST.

Fig. 5   a The fraction of 
SST contribution to the IAV 
for 850 hPa zonal water 
vapor transport, as estimated 
by the CMIP5 MMM of 
1-IAV(SSTClim)/IAV(AMIP). 
b Regional averaged values 
derived from Fig. 5a, The red, 
blue and orange bars are for 
East Asian land, tropical west-
ern Pacific, and mid-latitude 
western Pacific, respectively. 
The thin black error bars show 
the inter-model spread meas-
ured by the standard deviation 
of the 12 individual models. c, 
d The same as a, b but for the 
meridional water vapor trans-
port at 850 hPa. e, f The same as 
a, b but for the vertical velocity 
at 500 hPa

(a)

(c)

(e)

(b)

(d)

(f)
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Given the consistent results shown by CMIP5 models 
and CAM4 simulations, a quantitative conclusion can be 
drawn on the contribution of SST to precipitation (Fig. 8), 
under the assumption of independency between SST forced 
variability and Non-SST induced variability. The contri-
bution of SST forcing to the IAV of summer rainfall over 
EAL is about 18.4 % in CMIP5 MMM, with an inter-model 
range of 0–38 %. This value is estimated to be 17.7 % by 

CAM4. Our results are consistent with a previous study 
which indicated a range of 15–20 % for the southern part of 
East Asia (Wang et al. 2015).

As a comparison to EAL, the estimations for TWP and 
MWP are also shown in Fig. 8. The SST contribution to the 
IAV of rainfall over TWP is 58.1 and 41.9 % as estimated 

Fig. 6   a The fraction of SST 
contribution to the IAV of 
precipitation, as estimated 
by CAM4 experiments, i.e., 
1-IAV(F_SST)/IAV(CTL). The 
black dotted regions indicate the 
difference in the IAV between 
F_SST and CTL experiments 
is significant at the 95 % con-
fidence level. b–d The same as 
a but for the zonal water vapor 
transport at 850 hPa, meridi-
onal water vapor transport at 
850 hPa, and vertical velocity at 
500 hPa

(a)

(c)

(b)

(d)

Fig. 7   Regional averaged fraction of SST contribution to precipita-
tion (Pr), zonal water vapor transport at 850  hPa (QU850), meridi-
onal water vapor transport at 850 hPa (QV850) and vertical velocity 
at 500 hPa (W500), as derived from the regional averages in Fig. 6. 
The red, blue and orange bars are for East Asian land, tropical west-
ern Pacific, and mid-latitude western Pacific, respectively, similar as 
in Fig. 2

Fig. 8   Percentages of SST contribution to the IAV of precipita-
tion for East Asian land (EAL), tropical western Pacific (TWP) and 
mid-latitude western Pacific (MWP), respectively. Gray bars indicate 
the CMIP5 multi-model median for 1-IAV(SSTClim)/IAV(AMIP), 
with the inter-model standard deviation denoted as the “I” type thin 
black bar. Thick black bars indicate CAM4 estimated 1-IAV(F_SST)/
IAV(CTL). Purple and green bars indicate the CAM4 estimated frac-
tions of SST contribution from tropical Indian Ocean and tropical 
Pacific Ocean, i.e., 1-IAV(F_TIO)/IAV(CTL) and 1-IAV(F_TPO)/
IAV(CTL)
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by MMM of CMIP5 models and CAM4, respectively. 
The SST contribution to the IAV of rainfall over MWP is 
26.2  % as estimated by MMM of CMIP5 models, but an 
estimation of 7.8 % is shown by CAM4. Although in-con-
sistent values are obtained for MWP, it is still evident that 
the percentage of SST contribution to the IAV of rainfall 
over MWP is much lower than TWP but comparable to 
EAL.

The relative contributions of TIO and TPO SST vari-
abilities to the IAV of summer rainfall are also evaluated 
in Fig. 8, which are estimated as 1-IAV(F_TIO)/IAV(CTL) 
and 1-IAV(F_TPO)/IAV(CTL) based on CAM4 experi-
ments. For EAL region, 5.7 % of the IAV is contributed by 
TIO SST and 5.5 % of the IAV is contributed by TPO, con-
sistent with Wu et al. (2003) which argued that ENSO con-
tributes to about 4 % of the East Asian summer rainfall. For 
TWP region, TIO contribution is 1.4 %, whereas TPO con-
tribution is 27.1 %, suggesting the importance of local SST 
than the remote SST forcing. For both EAL and TWP, the 
sums of the contributions from TIO and TPO are smaller 
than the contribution of global SST (comparing the sum of 
purple and green bars with the black bars in Fig. 8). How-
ever, the contributions from TIO and TPO are estimated to 
be −4.7 and −5.0 % for the IAV of MWP rainfall. Besides 
chaotic factors, another possible cause for the negative val-
ues is that the interannual variability of WNP rainfall is 
determined by other oceanic region, e.g., local SST over 
subtropical WNP (Chung et  al. 2011; Wang et  al. 2013; 
He and Zhou 2014), and the remote forcing from TIO and 
TPO tend to offset the local SST-forced variability of MWP 
rainfall. In the F_TIO and F_TPO simulations, the negative 
contributions from TIO and TPO are absent, and the IAV of 
MWP rainfall would increase.

6 � Conclusion and discussion

Based on the AMIP and SSTClim simulations of 12 CMIP5 
models, the percentage of SST contribution to the interan-
nual variability of summer rainfall over East Asian land is 
investigated, in comparison with tropical western Pacific 
and mid-latitude western Pacific. Additional model experi-
ments are done using CAM4 to corroborate the robustness 
of the results, and to evaluate the relative contributions 
from TIO and TPO. The main conclusions are summarized 
as follows:

1.	 The contribution of SST forcing to the interannual 
variability of summer rainfall is about 18 % over East 
Asian land regions, which is quantitatively agreed by 
MMM of CMIP5 models and CAM4 experiments. The 
percentage of SST contribution decreases sharply from 
south to north along the southern coast of East Asia. 

No substantial difference is seen in the percentage of 
SST contribution between the southern part and the 
northern part of East Asia. The magnitude SST contri-
bution to seasonal rainfall over East Asian land is much 
smaller than the tropical western Pacific, but is compa-
rable to the mid-latitude western Pacific.

2.	 It is the horizontal water vapor transport, rather than 
the vertical velocity over EAL, which connects the 
interannual rainfall variability over EAL with the 
SST forcing. As agreed by CMIP5 models and CAM4 
experiments, horizontal water vapor transport is more 
affected by SST than vertical velocity, and it may prob-
ably play a role as a mediator linking SST anomaly 
with rainfall anomaly in East Asian land. The IAV of 
vertical motion over East Asian land and mid-latitude 
western Pacific has little relation to the interannual 
SST variability, suggesting it is primarily controlled by 
the atmospheric internal dynamics.

3.	 By comparing the simulations with fixed TIO SST and 
fixed TPO SST, the relative importance of TIO SST 
and TPO SST to East Asian summer rainfall variability 
is investigated. It is shown that TIO contributes 5.7 % 
of the total rainfall IAV over East Asian land, while 
TPO contributes 5.5 %. In brief, the contributions from 
these two ocean sectors to the interannual rainfall vari-
ability over East Asian land are comparable with each 
other.

In addition to observational uncertainty in the mean 
state of rainfall (Collins et  al. 2013; He and Zhou 2015), 
great observational uncertainty between GPCP and CMAP 
is seen in the IAV of rainfall, especially over the tropical 
western Pacific Ocean. The Multi-model median of IAV is 
close to the CMAP data, but higher than the GPCP data. 
Therefore, great effort should be devoted to reduce the 
observational uncertainty of precipitation, in terms of both 
mean state and its variability.

The comparison between AMIP simulation with SST-
Clim simulation in this paper is conducted under the 
assumption that the atmospheric internal variability is inde-
pendent on the mean state of SST, since the mean state of 
SST in SSTClim simulation is slightly different from that of 
the AMIP simulation. We recommend an additional model 
experiment could be done in the next generation of CMIP, 
by forcing AGCMs with observed SST climatology, which 
exactly equals the SST climatology in AMIP experiment. 
This experiment could help separating the SST forced phe-
nomenon from the atmospheric internal dynamics.
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