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Abstract The variability of the East Asian summer
monsoon (EASM) is studied using a partially coupled climate model (PCCM) in which the ocean component is
driven by observed monthly mean wind stress anomalies
added to the monthly mean wind stress climatology from a
fully coupled control run. The thermodynamic coupling
between the atmospheric and oceanic components is the
same as in the fully coupled model and, in particular, sea
surface temperature (SST) is a fully prognostic variable.
The results show that the PCCM simulates the observed
SST variability remarkably well in the tropical and North
Pacific and Indian Oceans. Analysis of the rainfall-SST and
rainfall-SST tendency correlation shows that the PCCM
exhibits local air-sea coupling as in the fully coupled model
and closer to what is seen in observations than is found in
an atmospheric model driven by observed SST. An
ensemble of experiments using the PCCM is analysed
using a multivariate EOF analysis to identify the two major
modes of variability of the EASM. The PCCM simulates
the spatial pattern of the first two modes seen in the ERA40
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reanalysis as well as part of the variability of the first
principal component (correlation up to 0.5 for the model
ensemble mean). Different from previous studies, the link
between the first principal component and ENSO in the
previous winter is found to be robust for the ensemble
mean throughout the whole period of 1958–2001. Individual ensemble members nevertheless show the breakdown in the relationship before the 1980’s as seen in the
observations.
Keywords Partially coupled model  Air-sea interaction 
The East Asian summer monsoon

1 Introduction
The Asian-Australian monsoon system is believed to be a
response to the thermal contrast between the Eurasian and
Australian continents and the Indo-Pacific Ocean. The
Asian-Australian monsoon region, spanning from about
40°E to 160°E and from 30°S to 40°N, covers one-third of
the global tropics and subtropics (Wang 2006). The East
Asian Summer monsoon (hereafter EASM) is one of the
sub-systems of the Asian-Australian monsoon and is a
major feature of the global atmospheric circulation (e.g.,
Chen and Chang 1980; Tao and Chen 1987; Lau et al.
1988; Ding and Chan 2005). The rainfall brought by the
Asian monsoon (that is the East Asian and Indian monsoons combined) sustains about half the human population
(e.g., Rodwell and Hoskins 2001). Thus, it is of great socioeconomic interest to study and simulate the variability of
the monsoons. The summer monsoons are also associated
with a global teleconnection (Lin 2009) that has an impact
over summer weather even as far away as Europe (Lin and
Wu 2012).
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Interannual variability of the EASM displays a complex
space and time structure and there are many different
indices to measure the strength of the EASM (e.g., Wang
et al. 2008). In order to identify the main modes of variability Sun et al. (2010), following Wang et al. (2008),
performed a multivariate Empirical Orthogonal Function
(EOF) analysis applied to anomalies of June/July/August
(JJA) means of a set of four meteorological fields (zonal
and meridional winds at 850 and 200 hPa from ERA40
reanalysis) covering the period 1958 to 2001. The first EOF
characterizes the meridional shear of the zonal wind at
850 hPa across 20°N and is similar to the so-called PacificJapan (PJ) pattern (Nitta 1987; Kosaka and Nakamura
2006). The second EOF is related to variations in intensity
of the Indian summer monsoon (Greatbatch et al. 2012).
These two EOF modes are both associated with rainfall
anomalies in eastern Asia. Sun et al. (2010) find that a
linear, dry dynamical model, when driven by the diabatic
heating anomalies associated with each mode, can reproduce many of the anomalous circulation features, especially for the first EOF and in the lower troposphere.
Many studies (e.g., Zhang et al. 1999; Wang et al. 2000,
2008; Wu et al. 2003; Wu and Kirtman 2004; Lu et al.
2006; Li et al. 2007; Sun et al. 2010) have shown that the
variability of the EASM is linked to that of the El Niño
Southern Oscillation [ENSO, Jin 1997; Zebiak and Cane
1987; Philander 1990]. It is usually found that the positive
phase of the first EOF, associated with an anticyclonic
circulation anomaly at 850 hPa centred near the Philippines (see Fig. 2a in Sun et al. 2010), is associated with the
decaying phase of El Niño events and that the positive
phase of the second EOF, associated with southwesterly
winds at 850 hPa extending into northern China (see
Fig. 2b in Sun et al. 2010), is associated with the developing phase of La Niña (Wang et al. 2008; Sun et al.
2010). However, for the first EOF, the link with ENSO was
not robust throughout the second half of the twentieth
century and was significant only during the years after
1979 (Sun et al. 2010). However, internal variability is
thought to dominate the variability of the EASM (Lu et al.
2006), which may make it difficult to isolate the influence
of ENSO on the EASM by employing linear correlation
applied to relatively short records. We shall investigate this
topic further in this study.
Allowing for ocean-atmosphere coupling is very
important for the simulation of the EASM (e.g., Fu et al.
2002; Wang et al. 2005; Hu et al. 2012). By comparing the
simulation results from a coupled model (ECHAM4OCEAN) and an atmospheric general circulation model
(AGCM) run with specified SST (ECHAM4), Fu et al.
(2002) found that local and remote air-sea coupling are
very important for the simulation of the climatological state
of the EASM. Hu et al. (2012) carried out experiments
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using both a regional coupled model and the atmospheric
component of the same regional coupled model to simulate
the 1998 EASM. They find that the coupled model achieves
a higher skill simulating the monsoon circulation and
rainfall than the uncoupled model. For example, the rainfall
over the adjacent ocean surrounding East Asia simulated
by the coupled model is significantly less than that simulated by the uncoupled atmosphere model. This is because
in the uncoupled AGCM, rainfall is always produced over
warm SST anomalies whereas in the coupled model, warm
SST anomalies can be a consequence of local atmospheric
forcing associated with less cloud and less rainfall (Wang
et al. 2005).
Recently, more and more studies suggest that we need a
new strategy to simulate atmospheric variability instead of
using AGCMs with observed sea surface temperature
(SST) prescribed as forcing (e.g., Wang et al. 2004, 2005;
Wu and Kirtman 2005; Wu et al. 2006; Wu and Kirtman
2007a, b; Li et al. 2007). The reason is that air-sea coupling is not taken into consideration in the SST forced
AGCM simulations (e.g., Wang et al. 2004, 2005; Wu
et al. 2006; Wu and Kirtman 2007a, b). As a further
example, Wang et al. (2005) have shown that an AGCM
run with prescribed SST can exhibit the opposite relationship between rainfall and SST anomalies to that
observed over the northwestern tropical Pacific, but when
the identical AGCM is coupled with an ocean model the
correct rainfall-SST relationship emerges.
In this study, we present a new method to simulate the
observed variability of the EASM by applying a partial
coupling technique to a coupled atmosphere/ocean/sea-ice
model. Such an approach avoids the problems inherent in
using AGCM experiments with prescribed SST forcing
(e.g., Wang et al. 2004, 2005; Wu et al. 2006; Wu and
Kirtman 2007a, b). Results show that the partially coupled
model simulates air-sea interaction more realistically than
AGCM experiments with prescribed SST forcing, consistent with Wu et al. (2006), and retains the local air-sea
relationship from the fully coupled model. In Sect. 2, the
models and the experimental procedure are described.
Section 3 presents the model results with a focus on the
variability of the EASM and also a discussion of the link
between the EASM and ENSO. Section 4 provides a
summary and conclusions.

2 Model and experiments
A fully coupled atmosphere/ocean/sea-ice model, the Kiel
Climate Model (KCM, Park et al. 2009), is employed.
The model uses ECHAM5 (Roeckner et al. 2003) as the
atmosphere component. In the current configuration the
atmosphere component uses T31 horizontal resolution
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(approximately 3.75° 9 3.75° in latitude and longitude)
with 19 vertical levels up to 10 hPa. The ocean model
component is the Nucleus for European Modeling of the
Ocean (NEMO, Madec 2008) model, and is coupled to
ECHAM5 via the Ocean Atmosphere Sea Ice Soil version
3 (OASIS3, Valcke et al. 2003) coupler. The ocean resolution is 2° in latitude and longitude with an equatorial
latitudinal refinement to 0.5°. In the tropical Pacific the
model realistically reproduces the mean state, the annual
cycle and the El Niño Southern Oscillation phenomenon in
both strength and frequency (Park et al. 2009). The model
has been used to study long term internal variability (Park
and Latif 2008), forced variability (Latif et al. 2009), and
the Atlantic meridional overturning circulation response to
idealized external forcing (Park and Latif 2011).
Our strategy involves running the KCM in a partially
coupled mode, whereby the ocean/sea-ice component of the
coupled model is driven by the time series of observed
monthly mean wind stress anomalies that are added globally
to the wind stress monthly climatology from a fully coupled
control run (to avoid drift), while still maintaining the thermodynamic coupling between the atmosphere and ocean/
sea-ice components. Thus, SST is a fully prognostic variable
and is not directly constrained by observations. Partially
coupled runs are carried out using both NCEP (Kalnay et al.
1996) and ERA40 (Uppala et al. 2005) wind stress anomalies from 1948 to 2002 and 1958 to 2002, respectively. An
ensemble of five model runs is driven by each wind stress
product making 10 model runs in total, differing only in their
initial conditions which are taken from the fully coupled
control run at a time when the coupled model is close to being
in equilibrium. Atmospheric greenhouse gas concentrations
are kept fixed throughout the integrations. In this study, the
ensemble mean of the ten model runs is analyzed and shown
in the figures unless stated otherwise. Hereafter, the
ensemble mean of the ten runs is denoted by ‘‘the partially
coupled run’’.
In addition to the partially coupled run, we also analyze
the last 300 years of a 1000-year long control run conducted with the fully coupled version of the KCM, as well
as model runs carried out with the stand-alone ECHAM5 to
provide a comparison. The stand-alone ECHAM5 is run
from 1875 until 2008 with observed SST and sea-ice extent
(HadISST1.1, Rayner et al. 2003) prescribed as forcing at
the lower boundary. Model output from 1958 to 2001 is
analyzed and there are seven ensemble members differing
only in their initial conditions. The ensemble mean is used
for analysis. Atmospheric greenhouse gas concentrations
are also kept fixed throughout the integrations to be consistent with the partially coupled run. In this study, we
denote the control run of the KCM as ‘‘the fully coupled
run’’ while the ensemble mean of the ECHAM5 experiments is denoted as ‘‘the SST-forced ECHAM5 run’’.

3 Results
3.1 Validating the partially coupled run
Figure 1 shows the climatological JJA-mean rainfall and
850-hPa horizontal winds in observations and the partially
coupled run (note that in the partially coupled run, the wind
is computed by the atmospheric model and is not the same
as the wind field used to drive the ocean component). The
model captures very well the basic features of both the
Intertropical Convergence Zone (ITCZ), and the anticyclonic circulation over the Pacific and Indian Ocean. It also
reproduces the small scale heavy precipitation off the
western coast of India, in the Bay of Bengal, the South
China Sea and the Philippine Sea. The partially coupled
run differs slightly from observations over China and the
northwestern Pacific, showing more precipitation and
stronger southerly winds than observed, both of which may
be related to each other. In the equatorial Pacific, the model
simulates stronger easterly winds, producing a too strong
cold tongue in the central and eastern Pacific, a feature also
of the fully coupled run of the KCM (see Park et al. 2009
for details) and a problem common to most coupled general
circulation models (CGCMs) (Latif et al. 2001).
The partially coupled run simulates the ENSO variability remarkably well and captures almost all of the
ENSO events (Fig. 2a), as reflected in the SST anomalies
averaged over the Nino3 box (150°W–90°W, 5°S–5°N).
The observed Nino3 SST is simulated particularly well
after 1979 (Fig. 2a). The correlation in Nino3 SST between
observations and model is 0.77 from 1958 to 2001 and up
to 0.85 after 1979 (the satellite era), even though SST is a
fully prognostic variable and is not directly constrained by
observations. Each ensemble member (Fig. 2b) also simulates a Nino3 SST time series very close to the ensemble
mean and the observations and also has a better correlation
with the observations after 1979. However, there is no
difference in the spread of the individual Nino3 SST time
series about the ensemble mean before and after 1979. The
partially coupled run is further assessed by calculating the
correlation between model and observed monthly mean
SST anomalies (Fig. 2c). The model clearly shows skill at
reproducing the SST variability in the tropical Pacific
(correlation as high as 0.7) and Indian Oceans (correlation
as high as 0.5), and also over the North Pacific mid-latitudes (correlation as high as 0.6). In the tropical Pacific, the
high correlation can be understood in terms of ENSO in
which wind stress anomalies drive thermocline variability
which in turn drives SST variability (e.g., Jin 1997; Zebiak
and Cane 1987; Philander 1990). ENSO also drives SST
variability in the Indian and North Pacific Oceans in the
model (not shown) through well-known teleconnection
patterns (Trenberth et al. 1998), accounting for the good
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(a)

(b)

(c)

(d)

Fig. 1 JJA-mean precipitation (upper panels) and 850 hPa horizontal
winds (lower panels) in observations (left panels) and the partially
coupled run (right panels), averaged over the 23 years (1979–2001).

Unit is mm d-1 for precipitation and m s-1 for wind. In observations,
precipitation is CMAP satellite derived precipitation (Xie and Arkin
1997), and wind is from the ERA40 reanalysis (Uppala et al. 2005)

performance of our model in these regions. This is consistent with previous studies (e.g., Alexander 1992; Venzke
et al. 2000). In the subtropical North and South Pacific,
there are regions near 20° N and S with basically no correlation. The reason for the low correlation in these regions
is not clear, requiring further investigation beyond the
scope of the present study. In the Atlantic (not shown), the
model experiments have essentially no skill at simulating
monthly mean SST variability (probably because of the
well-known tropical Atlantic bias in coupled models, see
e.g. Richter and Xie 2008 and Wahl et al. 2009), with the
exception of the tropical northwestern Atlantic which is
also influenced by ENSO (e.g., Enfield and Mayer 1997).
Local air-sea interaction is investigated using the correlation between rainfall and SST and rainfall and SST
tendency in the observations and the respective model runs
(Figs. 3, 4) (e.g., Wang et al. 2005; Wu et al. 2006; Wu
and Kirtman 2007a, b). Rainfall is an important quantity as
a proxy for atmospheric diabatic heating and the latent heat
released by convection, known to be an important driver
for atmospheric circulation variability in the Tropics (Gill
1980; Rodwell and Hoskins 2001; Sun et al. 2010). For the
observations, the partially coupled run and the SST-forced
ECHAM5 run, the correlation is computed using monthly
means taken from JJA (June–August) over the period
1979–2001, while for the fully coupled run the last
300 years of the 1000-year long control run is used.

The partially coupled run (Fig. 3b) reproduces the
positive rainfall-SST correlation in the tropical central
Pacific, tropical western Indian Ocean and tropical southeastern Indian Ocean near Sumatra as in observations
(Fig. 3a). The positive correlation in the above mentioned
areas is due to a strong thermocline feedback on the generation of SST anomalies which, in turn, influences the
overlying atmosphere (e.g., Wang et al. 2005; Wu et al.
2006; Wu and Kirtman 2007a, b). In the eastern equatorial
Pacific, the rainfall-SST correlation is negative and opposite to the strong positive correlation in observations
(Fig. 3a). This is probably because the cold tongue in the
model is stronger than that in observations (Park et al.
2009), a common problem in most CGCMs (Latif et al.
2001), so that SST variability cannot force convective
activity above. In the central Indian Ocean, southeast of
Japan and the subtropical North Pacific, the partially coupled run simulates an unrealistically positive rainfall-SST
correlation, which is also seen in the fully coupled run and
the SST-forced ECHAM5 run (Fig. 3). In these regions, the
SST forcing in the SST-forced AGCM runs (Wang et al.
2005; Wu et al. 2006; Wu and Kirtman 2007a, b) is not
remedied in the either partially coupled run or the fully
coupled run. One of the possible reasons for the strong
positive correlation is that both the partially and fully
coupled runs (Park et al. 2009) simulate too warm SST in
these regions so that convective activity is more sensitive
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Fig. 2 a SST anomalies
averaged over the Nino3 box
(150°W–90°W, 5°S–5°N) from
HadISST (red line) and the
ensemble mean of the partially
coupled run (black line), b SST
anomalies averaged over the
Nino3 box from the ensemble
mean (black line) and individual
ensemble members (blue lines)
of the partially coupled run and
c the correlation between
observed (HadISST, Rayner
et al. 2003) and monthly mean
SST from the partially coupled
run for all months from January
1958 to December 2001. The
contour interval is 0.1 and the
zero contour is highlighted

(a)

(b)

(c)

to SST perturbations than in observations. Nevertheless,
overall, the rainfall-SST correlation in the partially coupled
run (Fig. 3b) resembles closely that in the fully coupled run
(Fig. 3c), indicating that it simulates air-sea interaction as
in the fully coupled run. Furthermore, in contrast to
observations, and also the partially coupled and fully
coupled runs, the SST-forced ECHAM5 run with SST
prescribed as forcing exhibits a large patch of positive
rainfall-SST correlation in the northwestern Pacific
(Fig. 3d), which shows that positive SST anomalies always
force more rainfall above, consistent with previous studies
(e.g., Wang et al. 2005; Wu et al. 2006; Wu and Kirtman
2007a, b) but quite different from what is seen in the
observations in this area.
We now turn to the rainfall-SST tendency correlation
(Fig. 4). The negative rainfall-SST tendency correlation

over the western North Pacific and North Indian Ocean
seen in observations (Fig. 4a) and the fully coupled run
(Fig. 4c) means that the atmosphere is driving the SST
change over these regions (e.g., Wang et al. 2005; Wu
et al. 2006; Wu and Kirtman 2007a, b) in the coupled
model and the observations. The partially coupled run
(Fig. 4b) reproduces this region of negative correlation. In
sharp contrast, the rainfall-SST tendency correlation is very
weak in the SST-forced ECHAM5 run (Fig. 4d). This is
because the SST is prescribed in the SST-forced ECHAM5
run, resulting in the suppression of atmospheric-forced SST
variability. The partially coupled run is, nevertheless,
inconsistent with the observations in the tropical southeast
Indian Ocean and central tropical North Pacific, showing
too strong positive correlation in the same general area as
the negative correlation (poor model performance) noted in
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(a)

(b)

(c)

(d)

Fig. 3 Pointwise and simultaneous rainfall-SST correlation during
boreal summer (JJA) derived from a the CAMP (Xie and Arkin 1997)
and HadISST (Rayner et al. 2003) data sets, b the ensemble mean of

10 partially coupled runs, c the fully coupled run of the KCM and
d the ensemble mean of 7 AGCM runs with SST prescribed as
forcing. The contour interval is 0.1 with zero contours suppressed

(a)

(b)

(c)

(d)

Fig. 4 Pointwise and simultaneous rainfall-SST tendency correlation
during boreal summer (JJA) derived from a the CAMP (Xie and
Arkin 1997) and HadISST (Rayner et al. 2003) data sets, b the
ensemble mean of 10 partially coupled runs, c the fully coupled run of
the KCM and d the ensemble mean of 7 AGCM runs with SST

prescribed as forcing. The contour interval is 0.1 with zero contours
suppressed. Here, the monthly mean SST tendency is calculated using
centered differencing, that is, the difference of SST in the next month
minus SST in the previous month (see Wu et al. 2006 for details)

Fig. 2. It could be that the local rainfall and SST tendency
relationship is complicated by the effect of remote forcing
that is probably not properly represented in the partially
coupled run (Wu et al. 2006). However, considering
Figs. 3 and 4 together, it is clear that the partially coupled
run improves the simulation of coupled air-sea interaction
processes compared to the SST-forced ECHAM5 run.

3.2 East Asian summer monsoon
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To assess the simulation of the two main modes of variability of the EASM (Sun et al. 2010) in our partially
coupled run, we apply the same multivariate (MV) EOF
analysis as used by Sun et al. (2010) to the output
(ensemble mean) from the partially coupled run and also
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from the ERA40 reanalysis (Uppala et al. 2005). In the
MV-EOF analysis, we employ JJA averages of zonal and
meridional wind at 850 and 200 hPa over the domain
bounded by 10°N–50°N and 100°E–150°E for the years
1958–2001, the period covered by the ERA40 reanalysis
(Uppala et al. 2005). Prior to the EOF analysis, the interannual anomalies for each variable are normalized by their
own area averaged standard deviations, but no trend has
been removed. MV-EOF analysis using detrended data has
also been done, but results show little change. The MVEOF analysis method is described in detail in Wang (1992).
The spatial patterns and associated principal component
(PC) time series of the first EOF are shown in Fig. 5 for
both ERA40 (a, b) and the partially coupled run (c, d). In
ERA40 (Fig. 5a, b), the spatial anomalies at both 850 and
200 hPa, corresponding to the positive phase of EOF1,
look like those associated with the negative phase of the
so called Pacific-Japan pattern (Nitta 1987; Kosaka and
Nakamura 2006). The circulation anomalies at 850 hPa
(Fig. 5a) are dominated by a dipole pattern with an anticyclonic anomaly in the subtropical western Pacific and a
cyclonic anomaly centred near Japan. The first EOF from
the partially coupled run (Fig. 5c, d) shows that the model
reproduces well the anticyclonic anomaly in the subtropical
western Pacific at 850 hPa (Fig. 5c). The model also
reproduces the cyclonic anomaly to the north although it is
shifted eastward and is less well-defined (Fig. 5c). At
200 hPa (Fig. 5d), the partially coupled run simulates the
westerly wind anomalies between 30°N and 40°N. The
model also simulates a cyclonic anomaly and an anticyclonic anomaly to the north and south of the anomalous
westerly wind band, although the cyclonic anomaly is
shifted northeastward (Fig. 5d) compared to that in the
ERA40 reanalysis. In the partially coupled run, the first
EOF explains about 56.4 % of the total variance while in
ERA40, only 20.6 % of the variance. This is because the
ensemble mean from the partially coupled run is employed
for the analysis. Using the individual ensemble members to
compute the MV-EOFs, the first EOF explains about
30–37 % of the variance, less than that from the ensemble
mean, but still more than that from the ERA40. Output
from the fully coupled run is also used to carry out the
same MV-EOF analysis (not shown). The first EOF pattern
is almost the same as that from the partially coupled run
(Fig. 5c, d) and explains about 30.9 % of the variance,
comparable to that obtained from the individual ensemble
members of the partially coupled run.
Figure 5e shows the PC1 time series from both ERA40
and the partially coupled run. It is apparent that the PC1
from the partially coupled run captures part of the variability of the PC1 from ERA40, especially after 1979
(Fig. 5e). The correlation between the two time series is
around 0.4 (significantly different from zero at the 95 %

confidence level) from 1958 to 2001 and 0.5 (also statistically different from zero at the 95 % confidence level)
from 1979 to 2001 when SST variability is better reproduced in the model. It follows that we are able to reproduce
up to 25 % of the variance of PC1 derived from the ERA40
data using knowledge only of the observed wind stress
anomalies seen by the ocean—an important result. We also
obtained PC1 time series for each ensemble member (not
shown) by projecting the model output onto the spatial
pattern associated with the first EOF computed from the
ensemble mean (Fig. 5c, d). These times series also correlate better with that from the ERA40 reanalysis after
1979.
The partially coupled run also reproduces the second
EOF (Fig. 6). In the positive phase, an anticyclonic
anomaly at 850 hPa is evident in the western subtropical
Pacific in both the ERA40 reanalysis (Fig. 6a) and the
partially coupled run (Fig. 6c). The southerly 850 hPa
wind anomalies associated with this mode extend northeastward, covering the southeastern part of China, Korea
and Japan (Fig. 6a, c). At 200 hPa, the partially coupled
run (Fig. 6d) simulates a large anticyclonic anomaly just
like in the ERA40 data (Fig. 6b). In the partially coupled
run, the second EOF explains 15.8 % of the total variance
while in the ERA40, 12.1 % of the variance. The second
EOF pattern from the fully coupled run (not shown) and the
SST-forced ECHAM5 run (not shown) resemble closely
that from partially coupled run and explains 17 and 19 %
of the variance, respectively. The PC2 time series from
both the ERA40 and the partially coupled runs are shown
in Fig. 6e. They do not match each other. Indeed, their
correlation is only 0.23, which is not significantly different
from zero according to a Student t test at the 95 % significance level.
3.3 The relationship between the EASM and ENSO
Previous studies (Wang et al. 2008; Sun et al. 2010) found
that the positive phase of EOF1 is associated with the
declining phase of El Niño. A similar link between PC1
and El Niño is found in the partially coupled run when
looking at the time period 1958–2001 (not shown). On the
other hand, it has been noted (Sun et al. 2010) that this link
between the positive phase of EOF1 and the declining
phase of El Niño is not robust in the observations when
looking at the correlation in 21 year running windows.
Indeed, it is only since the late 1970’s that the link has been
statistically significant (Fig. 7a, black dashed line). What is
interesting is that the partially coupled run (Fig. 7, red line)
shows, by contrast, a stable relationship between PC1 and
Nino3 SST in the previous winter. To understand this
result, it is important to remember that by the partially run
we refer to the ensemble mean from that run, and in the
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Fig. 5 Spatial patterns (a, b,
c and d) and time series (e) of
the first MV-EOF mode of the
East Asian summer 850 hPa
winds (a, c) and 200 hPa winds
(b, d) from the ERA40
(a, b) and the ensemble mean of
10 partially coupled runs (c, d).
The first modes explain 20.6 and
56.4 % of total variances in the
ERA40 and ensemble mean of
the partially coupled runs,
respectively

(a)

(b)

(c)

(d)

(e)

ensemble mean the noise from the individual ensemble
members has been reduced by averaging. The observations,
on the other hand, correspond to the single realisation that is
the time evolution of the real atmosphere. We need, therefore, to look at the individual model ensemble members that
make up the partially coupled run. To obtain time series of
PC1 for each ensemble member, the model output from the
individual ensemble members is projected onto the spatial
pattern associated with the first EOF as computed from the
ensemble mean output. The running correlation in 21 year
windows between each of these time series and Nino3 SST
in the previous winter is shown by the blue lines in Fig. 7b.
It is clear that there are individual ensemble members that
behave much like the observations with much reduced
correlation in the early part of the study period, although
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after 1980 the spread amongst the individual correlations is
reduced. These results argue that the projection of the ENSO
signal onto EOF1 is stable throughout the whole period
1958–2001 but that the signal is sometimes masked by
internal variability. This view is consistent with both Lu
et al. (2006) and Li et al. (2012) who have emphasised the
importance of internal atmospheric variability in the
dynamics of the northwestern Pacific and east Asian summer climate. The reduction in the spread of the running
correlations after 1980 is probably related to the shift of the
Pacific Decadal Oscillation to a warm phase around 1976/77
(Trenberth and Hurrell 1994; Mantua et al. 1997), consistent with Xie et al. (2010). A similar argument has been
made in a study of the influence of tropical Atlantic variability on ENSO (Ding et al. 2011).
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Fig. 6 Spatial patterns (a, b,
c and d) and time series (e) of
the second MV-EOF mode of
the East Asian summer 850 hPa
winds (a, c) and 200 hPa winds
(b, d) from the ERA40
(a, b) and the ensemble mean of
10 partially coupled runs (c, d).
The second modes explain 12.1
and 15.8 % of total variances in
the ERA40 and ensemble mean
of the partially coupled runs,
respectively

(a)

(b)

(c)

(d)

(e)

As a check, we have repeated the analysis by projecting
the model output onto the MV-EOF patterns obtained from
ERA40 rather than the model output. The results (not
shown) are very little changed from those reported above.
We have also computed the regression of both 850 and
200 hPa winds against the Nino3 SST time series from the
previous winter (not shown), confirming that the partially
coupled run reproduces the patterns found in ERA40,
although with a better performance at 850 hPa than at
200 hPa. Finally, it is clear from Fig. 2b that the weakness
of the PC1/ENSO correlation in some of the ensemble
members shown in Fig. 7b is not related to the ability of
these ensemble members to reproduce the observed Nino3
SST anomalies.
As noted by Wang et al. (2008) and Sun et al. (2010),
the positive phase of the second EOF is connected to the

onset of La Niña events. This is because the positive phase
of the second EOF is associated with easterly wind
anomalies along the equator. However, given that PC2
from the partially coupled run has no significant correlation
with PC2 derived from the reanalysis, and given that the
partially coupled model is driven by observed wind stress
anomalies and not the wind stress from the atmospheric
model, it is not surprising that this relationship cannot be
found in the partially coupled run. The partially coupled
run also fails to capture the link between a decaying El
Niño and the positive phase of PC2 implied by Figs. 10 and
11 in Sun et al. (2010) (see Fig. 8a), although one of the 10
ensemble members indicates such a link in running 21 year
correlations before 1980 (see Fig. 8b, blue curves). We
have also looked at the running correlation in 21 year
windows of PC2 with Nino3 SST in the simultaneous
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(a)

requires further investigation. Interestingly, DelSole and
Shukla (2012) have suggested that the link between the
Indian Summer Monsoon and ENSO can be masked by
internal variability, as we have argued here for the link
between EOF1 and ENSO.

4 Summary and conclusion

(b)

Fig. 7 21-year running correlation between PC1 and Nino3 in the
previous winter (December–February) for a ERA40 and HadISST
(black dashed curve) and the ensemble mean of the ten partially
coupled runs (red curve) and b the ensemble mean of the partially
coupled run (red curve) and each of the ten ensemble members
separately (blue curves)

summer from the partially coupled run and using the PC2
time series from the ERA40 reanalysis. In the ensemble
mean (Fig. 8c), the correlation is not significantly different
from zero whereas the observations (running correlation of
PC2 from ERA40 with Nino3 SST) suggests a significant
correlation in the early part of the record (see Figs. 8c and
11b in Sun et al. (2010). As noted by Sun et al. (2010) the
weakening of the link between PC2 and Nino3 SST in the
simultaneous summer is related to the weakening of the
link between the Indian summer monsoon and Nino3 SST
that has been discussed by Kumar et al. (1999) (see also
Greatbatch et al. 2012), who emphasise the close link
between the variability of EOF2 and that of the Indian
summer monsoon). When looking at the individual
ensemble members, one of the ensemble members hints at
such a link in the decades around 1980 but otherwise show
no significant link in the partially coupled run. Clearly the
robustness of both links, i.e. that between the decaying
phase of El Niño and the positive phase of EOF2 and that
between PC2 and Nino3 SST in the simultaneous summer,
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In this study we have employed a new strategy to simulate
the variability of the East Asian Summer Monsoon
(EASM) using the Kiel Climate Model (KCM, Park et al.
2009). In our simulations, rather than seeing the wind stress
provided by the atmospheric model, the ocean/sea-ice
component of the KCM sees observed monthly mean wind
stress anomalies that are added globally to the wind stress
climatology from an unperturbed control run. The advantage of this strategy is that SST is a fully prognostic variable and can freely interact with the atmospheric
component. The simulations more faithfully reproduce the
relationship between rainfall and SST and SST tendency
seen in both observations (Figs. 3, 4) than the SST-forced
ECHAM5 run in which SST is specified in an atmospheric
general circulation model (AGCM) (e.g., Wang et al. 2005;
Wu et al. 2006; Wu and Kirtman 2007a, b). Furthermore,
the monthly mean SST variability in observations (HadISST, Rayner et al. 2003) is reproduced very well in our
partially coupled run over the tropical North Pacific and
Indian Oceans (Fig. 2) even though SST is a fully prognostic variable. The partially coupled model therefore
gives a tool to examine the influence of SST on the
atmospheric circulation avoiding the difficulties inherent in
using atmospheric models with specified SST.
The two main modes (Sun et al. 2010) of variability of
the EASM were investigated. These modes of variability
are defined as the first two modes of an MV-EOF analysis
applied to anomalies of the June/July/August mean of the
zonal and meridional winds at 850 and 200 hPa. The MVEOF analysis is performed on the ensemble mean of the
simulations and also on the ERA40 reanalysis for comparison. Results indicate that the model reproduces the
spatial pattern associated with EOF1 in the ERA40 data
(Fig. 5). The model also reproduces part of the variability
of the first principal component (PC) (Fig. 5e). The correlation between model and ERA40 first PCs is around 0.4
from 1958 to 2001 and 0.5 after 1979. We speculate that
these correlations might increase if we were able to use
both a model with improved physical parameterization and
higher resolution together with an improved wind stress
product. It is also notable that we are able to reproduce up
to 25 % of the variance of PC1 from the reanalysis using
only knowledge of the observed monthly mean wind stress
anomalies acting on the ocean—an important result. The
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(a)

(b)

(c)

(d)

Fig. 8 21-year running correlation between PC2 and Nino3 in the a,
b previous winter (December–February) and c, d simulataneous
summer (June–August) for a, c ERA40 and HadISST (black curve)

and the ensemble mean of the ten partially coupled runs (red curve)
and b, d the ensemble mean of the partially coupled run (red curve)
and each of the ten ensemble members separately (blue curves)

spatial pattern associated with the second EOF in the
ERA40 reanalysis is also well reproduced in the simulations (Fig. 6). However, the simulations cannot reproduce
the variability of the second PC. Applying the MV-EOF
analysis to the SST-forced ECHAM5 run gives much
inferior results for EOF-1 (not shown) both in terms of the
spatial pattern of the EOF and the correlation (-0.11) of
the PC time series with PC1 from the ERA40 analysis. On
the other hand, the second EOF in the SST-forced
ECHAM5 run compares much better with the second EOF
from ERA40 in terms of the spatial pattern but with no
correlation (0.13) between the two PC time series. We
suggest that this difference between EOF1 and EOF2 in the
SST-forced ECHAM run points to the greater importance
of atmosphere/ocean coupling processes in the dynamics of
EOF1 than EOF2.
Previous studies (Wang et al. 2008; Sun et al. 2010)
found that the positive phase of EOF1 (which strongly
resembles the negative phase of the so-called Pacific-Japan
pattern, Nitta 1987; Kosaka and Nakamura 2006) is associated with the declining phase of El Niño, although in the
observational record this relationship is only found after
the 1976/77 shift in the Pacific Decadal Oscillation (Sun
et al. 2010). Our results using the partially coupled model
argue that, in fact, there is a stable ENSO signal but that in

some decades the signal is masked by internal atmospheric
variability. Indeed, Lu et al. (2006) have already noted that
internal atmospheric variability is an important feature of
the summer climate system over East Asia and the northwestern Pacific Ocean. Recently, Li et al. (2012) also
emphasize the importance of spread and internal variability
when considering the simulation and predictability of the
East Asian summer monsoon. Our results show that after
the 1976/77 transition, the signal to noise ratio was
somewhat increased leading to the emergence of the
declining El Niño-PC1 relationship in the observations (see
Fig. 7b and Xie et al. (2010). The impact of internal variability has been discussed by Wu and Kirtman (2003) for
the Indian monsoon-ENSO relationship and by Wu and
Kirtman (2007a, b) for the Australian monsoon-ENSO
relationship. Furthermore, DelSole and Shukla (2012) have
argued that the Indian monsoon-ENSO relationship is
modulated by atmospheric noise in a manner similar to
what we are proposing here for the East Asian summer
monsoon-ENSO relationship.
Finally, we note that the wind stress anomalies used in
the partially coupled run have been taken from two different data sets (NCEP and ERA40). We have also compared the partially coupled runs driven by the two
respective wind stress anomaly data sets (NCEP and
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ERA40) separately and find that there is no significant
difference between the results that are obtained (not
shown).
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