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Abstract The variability of the East Asian summer mon-
soon (EASM) is studied using a pacemaker technique driven
by ENSO in an atmospheric general circulation model
(AGCM) coupled to a slab mixed layer model. In the
pacemaker experiments, sea surface temperature (SST) is
constrained to observations in the eastern equatorial Pacific
through a q-f lux that measures the contribution of ocean
dynamics to SST variability, while the AGCM is coupled to
the slab model. An ensemble of pacemaker experiments is
analyzed using a multivariate EOF analysis to identify the
two major modes of variability of the EASM. The results
show that the pacemaker experiments simulate a substantial
amount (around 45 %) of the variability of the first mode
(the Pacific-Japan pattern) in ERA40 from 1979 to 1999.
Different from previous work, the pacemaker experiments
also simulate a large part (25 %) of the variability of the sec-
ond mode, related to rainfall variability over northern China.
Furthermore, we find that the lower (850 hPa) and the upper
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(200 hPa) tropospheric circulation of the first mode display
the same degree of reproducibility whereas only the lower
part of the second mode is reproducible. The basis for the
success of the pacemaker experiments is the ability of the
experiments to reproduce the observed relationship between
El Niño Southern Oscillation (ENSO) and the EASM.

Keywords East Asian Summer Monsoon · Pacemaker ·
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1 Introduction

The East Asian Summer Monsoon (EASM) is an important
component of the Asian-Australian monsoon system (Wang,
2006). The EASM brings summer rainfall to China, Japan,
and Korea from the tropical Indian and Pacific Oceans and
sustains about one fifth of the human population. Fluc-
tuations of the EASM have a profound impact on East
Asia (e.g., Rodwell and Hoskins 2001). Thus, it is of great
socioeconomic interest to investigate the variability of the
EASM.

Numerous studies have reported the influence of ENSO
(Philander 1990) on the western North Pacific and East
Asian summer climate (e.g., Zhang et al. 1999; Wang et al.
2000; Wu et al. 2003; Wu and Kirtman 2004; Lu et al. 2006;
Li et al. 2007; Wang et al. 2008; Sun et al. 2010). The phys-
ical process that transfers the ENSO signal to the western
North Pacific and East Asia has been extensively studied
(e.g., Wang et al. 2000; Wang and Zhang 2002; Lau and
Nath 2006). Recently, some studies found that the Indian
Ocean capacity effect has a role to play in order to prolong
the influence of ENSO from winter to the following summer
(e.g., Xie et al. 2009, 2010). The influence of ENSO pro-
vides a physical foundation for predictability of the lower
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tropospheric summer circulation over the western North
Pacific and East Asia (Li et al. 2012, 2014). Nevertheless,
potential predictability of the EASM is thought to be low,
given the claim that the variability of the EASM is dom-
inated by atmospheric internal variability (e.g., Lu et al.
2006)

Multivariate Empirical Orthogonal Function (EOF) anal-
ysis is a useful tool to study the EASM, given the complex
space and time structures associated with the East Asian
summer variability (Wang et al. 2008). Following Wang
et al. (2008), Sun et al. (2010) identify two major modes
of atmospheric circulation variability associated with the
EASM by applying the MV-EOF analysis to boreal sum-
mer (June/July/August: JJA) mean anomalies of zonal and
meridional winds at 850 and 200 hPa. Both of the two
modes are linked to rainfall anomalies over East Asia.
The first mode is very similar to the Pacific-Japan pattern
(Nitta 1987; Kosaka and Nakamura 2006) and is associ-
ated with rainfall anomalies in the Meiyu/Changma/Baiu
rain band while the second mode is associated with rain-
fall anomalies over northern China (Sun et al. 2010). These
authors further found that the two EOF modes are both
associated with ENSO during the previous winter (Decem-
ber/January/February: DJF; Sun et al. (2010)), implying that
they can be partly reproduced, at least statistically, given
the best possible information about tropical forcing. Fur-
thermore, Ding et al. (2014) found that about 25 % of the
variance of the first mode can be captured by a coupled cli-
mate model (the Kiel Climate Model, Park et al. (2009))
driven by observed wind stress anomalies alone. However,
their coupled model fails to reproduce the variability of the
second mode as seen in observations (Ding et al. 2014).

In this study, we revisit the two major modes (Sun et al.
2010) in an atmospheric general circulation model (GCM)
coupled with a slab mixed layer model using a pacemaker
technique similar to that described in Cash et al. (2010). We
focus on how much skill the model can achieve at repro-
ducing the variability of the two modes in ERA40. This is
important according to the notion that the skill we find sets
an upper limit of potential predictability in practice. Results
show that the model can capture a significant part of the
variability of both the first and second modes, which takes a
step forward from Ding et al. (2014). In Section 2, the model
and experiments are described. Section 3 presents the model
results, and Section 4 provides a summary and conclusion.

2 Pacemaker experiments

In this study, the atmospheric model is the Geophysi-
cal Fluid Dynamics Laboratory AM2.1 (Global Atmo-
spheric Model Development Team 2004; Delworth et al.
2006), which is coupled with a slab mixed layer model

of depth 50 m. To perform pacemaker experiments, the
atmosphere/slab-ocean coupled model is first integrated
with the ocean model temperature (model SST) restored
to observed SST with a relaxation time scale of 1 day.
In the integration, a quantity termed q-f lux is calculated
as the flux resulting from the restoring term. The q-f lux
represents the contribution of ocean dynamical processes,
missing in the slab model, to SST evolution. In pacemaker
experiments, the q-f lux is added back to the coupled model
as an external forcing. We emphasize that the q-f lux added
back to the pacemaker experiments is independent of the
model state, so that ocean temperature in the model is not
directly prescribed from the observations but, rather, is a
fully prognostic quantity. Therefore, in pacemaker experi-
ments, the atmosphere can both drive and be driven by ocean
model temperature, avoiding some of the issues suffered by
atmosphere-only or ocean-only simulations (see Greatbatch
et al. (1995), Wang et al. (2005), Wu and Kirtman (2005),
Wu et al. (2006), Wu and Kirtman (2007), and Griffies et al.
(2009)). The pacemaker approach also has the advantage
that the model climate is more constrained than in fully cou-
pled models, avoiding some of the biases present in those
models (Wang et al. 2014).

An ensemble of experiments is performed in which the
monthly varying q-f lux is prescribed in the central and
eastern tropical Pacific (8◦ S-8◦ N, 172◦ E-the South Amer-
ican coast) while elsewhere the monthly climatological q-
f lux is prescribed. We stress that all the information about
the time series of observed events comes from the q-f lux
that is applied in the central and eastern tropical Pacific cor-
responding to the region most strongly influenced by ENSO.
The model is integrated from 1950 to 1999 with eight
ensemble members differing only in their initial conditions.
In this study, the ensemble mean of the eight integrations
is analyzed and shown in the figures unless stated other-
wise. The pacemaker experiments reproduce observed SST
variability in the central and eastern tropical Pacific (not
shown), as expected. These pacemaker experiments have
been shown to capture a substantial part of the East Asian
winter monsoon rainfall variability (Lu et al. 2011). Further
information about the pacemaker experiments can be found
in Lu et al. (2011).

3 Results

Like in Sun et al. (2010), we apply the same MV-EOF
analysis to boreal summer (JJA) seasonal mean anomalies
of ERA40 (Uppala et al. 2005) wind fields at 850 and
200 hPa. The domain of analysis covers 10◦ N-50◦ N and
100◦ E-150◦ E for the years 1958–2001. Prior to the EOF
analysis, time series of interannual anomalies are calculated
by removing the seasonal mean climatology, normalizing by
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the spatially-averaged standard deviation and then weight-
ing by the square root of cosine of latitude to provide equal

weighting of equal areas. The MV-EOF analysis method is
described in detail in Wang (1992).

Fig. 1 Spatial patterns (a and b) of the first MV-EOF mode for
850 hPa winds (a) and 200 hPa winds (b) from ERA40. The cor-
responding time series from ERA40 (red line) and the pacemaker
experiment (blue line), which are derived by projecting wind fields
from the pacemaker experiment onto the spatial patterns of MV-EOF1
from ERA40, are shown in panel (c). The 850 hPa (d) and 200 hPa
(e) components of the time series for ERA40 (red lines) and the

pacemaker experiment (blue lines) are derived by projecting wind
fields only at 850 hPa (d) and only at 200 hPa (e) onto the spatial pat-
terns at the corresponding levels for MV-EOF1 from ERA40. The first
mode explains 20.6 % of variance in the ERA40 reanalysis. Note that
the sample arrow in the top right hand corner has length corresponding
to 1ms−1
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The spatial pattern (EOF) and associated principal com-
ponent (PC) time series of the first mode, which explain

20.6 % of the variance, are shown in Fig. 1. Sun et al.
(2010) noted that the positive phase of EOF1 at 850 hPa

Fig. 2 Spatial patterns (a and b) of the second MV-EOF mode for
850 hPa winds (a) and 200 hPa winds (b) from ERA40. The cor-
responding time series from ERA40 (red line) and the pacemaker
experiment (blue line), which are derived by projecting wind fields
from the pacemaker experiment onto the spatial patterns of MV-EOF2
from ERA40, are shown in panel (c). The 850 hPa (d) and 200 hPa
(e) components of the time series for ERA40 (red lines) and the

pacemaker experiment (blue lines) are derived by projecting wind
fields only at 850 hPa (d) and only at 200 hPa (e) onto the spatial
patterns at the corresponding levels for MV-EOF2 from ERA40. The
second mode explains 12.1 % of variance in the ERA40 reanalysis.
Note that the sample arrow in the top right hand corner has length
corresponding to 1ms−1
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Table 1 Correlation coefficients between the time series from ERA40 and the pacemaker experiments for the two modes and their respective 850
and 200 hPa components in the three periods: 1958–1999, 1958–1978, and 1979–1999

1958–1999 1958–1978 1979–1999

Mode 1 0.41∗ −0.02 0.66∗

850 hPa component 0.42∗ 0.15 0.58∗

200 hPa component 0.31∗ 0.01 0.52∗

Mode 2 0.37∗ 0.25 0.49∗

850 hPa component 0.55∗ 0.47∗ 0.62∗

200 hPa component 0.16 0.01 0.32

All the time series are detrended prior to calculating correlation. Correlations that are significantly different from zero at the 95 % level or higher
(assuming each year to be independent) are shown with an asterisk

(Fig. 1a) resembles the negative phase of the Pacific-Japan
(PJ) pattern (Nitta 1987; Kosaka and Nakamura 2006). At
200 hPa (Fig. 1b), the positive phase of EOF1 displays a
large cyclonic anomaly associated with an anomalous west-
erly wind band between 30◦ N and 40◦ N (Sun et al. 2010).
The anomalous westerly band is associated with a merid-
ional shift of the East Asian Jet, of which the core is located
between 40◦ N and 45◦ N (Lin and Lu 2005). The second
mode, which explains 12.1 % of the variance, is shown in
Fig. 2. The positive phase of EOF2 at 850 hPa is character-
ized by southerly wind anomalies extending northeastward
and covering the southeastern part of China, Korea, and
Japan (Fig. 2a). At 200 hPa, the positive phase of EOF2
features an anticyclonic anomaly (Fig. 2b). Recently, Great-
batch et al. (2013) argued that this mode is related to the
variability of the Indian Summer Monsoon. As to the two
modes, one can refer to Sun et al. (2010) for more details.

When assessing the pacemaker experiments, we project
the model wind fields onto the corresponding spatial pat-
terns of the two modes calculated from the ERA40 reanal-
ysis. The resulting time series from the model are shown
in Figs. 1c and 2c and compared to the corresponding time
series from ERA40, respectively. To emphasize interannual
variability, all time series are detrended prior to calculat-
ing correlations (in Table 1, one can find all the correlations
between the model and ERA40); the plots, on the other
hand, show the undetrended time series. Also, as a check,
we have repeated the analysis by applying the MV-EOF
analysis to the ensemble mean of the pacemaker experi-
ments to calculate its own modes and corresponding PC
time series. We find that the EOF modes from the ensemble
mean of the pacemaker experiments (not shown) capture the
main features seen in the modes from the ERA40 reanal-
ysis. The correlations (not shown) between the PC time
series corresponding to the main modes calculated from the
ensemble mean of the pacemaker experiments and the PC
time series from ERA40 are very little changed from those
reported below. It should be noted, nevertheless, that we
deliberately chose to project the model output onto the EOF

patterns derived from ERA-40 and not those obtained from
the model ensemble mean. The reason is that given enough
ensemble members, the ensemble mean contains only the
forced response of the model to the imposed forcing, in
this case to the ENSO forcing prescribed using the q-flux.
The corresponding MVEOFs are not, therefore, guaranteed
to correspond to those obtained from the ERA-40 reanaly-
sis since the latter includes both a forced signal, e.g., from
ENSO, plus internal variability.

Looking at Fig. 1c, it is apparent that the pacemaker
experiments capture part of the variability of the first
mode from ERA40, especially after 1979. The correlation
between the two time series is 0.41 from 1958 to 1999,
which is significantly different from zero at the 95 % confi-
dence level, although there is effectively no correlation over
the period 1958–1978 (see Table 1 and Ding et al. (2014)
for further discussion of this issue). On the other hand, the
correlation reaches 0.66 from 1979 to 1999, also statisti-
cally different from zero at the 95 % confidence level, when
the influence of ENSO on the East Asia summer climate
becomes stronger after the 1976/77 climate shift (e.g., Xie
et al. 2010; Sun et al. 2010; Ding et al. 2014). It follows that
about 40 % of the variability associated with the first mode
is captured by the pacemaker experiments after 1979, which
is greater than the 25 % reported by Ding et al. (2014). What
is more interesting is that the pacemaker experiments also
capture part of the variability of the second mode (Fig. 2c).
The correlation is 0.37 from 1958 to 1999, which is lower
than for the first mode, but still significantly different from
zero at the 95 % confidence level. The pacemaker experi-
ments also perform better for the second mode after 1979
with a higher correlation of 0.49—an important result given
that no significant part of the second mode variability in
ERA40 is captured in the previous work of Ding et al.
(2014). Later, we will discuss possible reasons for success
in the pacemaker experiments.

Lu et al. (2006) found that interannual variability of
the lower troposphere summer circulation over the western
North Pacific is dominated by tropical SST forcing, while
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fluctuations of the upper troposphere circulation are dom-
inated by atmospheric internal dynamics, independent of
boundary forcings. Sun et al. (2010) found that a linear,
dry dynamical model, when driven by the diabatic heat-
ing anomalies in the tropics associated with each mode,
can reproduce many of the anomalous circulation features

for the lower troposphere, but not for the upper tropo-
sphere. These motivate us to investigate the lower and upper
components of the two modes, separately.

To derive the contribution of the wind fields at 850 hPa
to the time series (Figs. 1d and 2d), we project wind fields
onto the corresponding spatial patterns of the two modes

Fig. 3 Cross-correlation from the ensemble mean of the pacemaker
experiments (shown in blue) between SST anomalies averaged over
the Niño3 region (150◦ W–90◦ W, 5◦ S–5◦ N) from JJA(-1) to JJA(1)
and time series over the period 1958–1999 for (a) the first mode; (b)
the second mode; (c) the 850 hPa component of the first mode; (d) the
850 hPa component of the second mode; (e) the 200 hPa component of
the first mode; and (f) the 200 hPa component of the second mode. For

observations (shown in red), the time series are calculated from the
ERA40 reanalysis (Uppala et al. 2005) and Niño3 SST anomalies are
calculated from the HadISST1.1 (Rayner et al. 2003). Note that (0)
indicates the summer simultaneous with the MV-EOF analysis, -1 indi-
cates the preceding year and 1 the following year. The three horizontal
black dashed lines represent the 95 % confidence level based on a
Student’s t test and the zero line, respectively
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only at 850 hPa. Likewise, we can also derive the contribu-
tion of wind fields at 200 hPa to the time series (Figs. 1e
and 2e) by projecting wind fields onto the spatial pattern of
the two modes only at 200 hPa. The pacemaker experiments
perform well for both the 850 hPa and the 200 hPa com-
ponents of the first mode when looking at the whole period
1958–1999 and also the subperiod 1979–1999. The corre-
lations between the model and ERA40 from 1958 to 1999
are 0.42 and 0.31 (both statistically different from zero at
the 95 % confidence level) for 850 and 200 hPa, respec-
tively (see Table 1). As we found using projection onto the
full EOF pattern at both 850 and 200 hPa, the correlation is
only significant after 1979, this being true for both the lower
(0.58) and upper (0.52) components, and with effectively no
correlation over the period 1958–1978. It follows that about
25 % variance of the 200 hPa component of the first mode is
captured by the pacemaker experiments after 1979, which is
an important result given that interannual variability of the
upper tropospheric circulation is thought to be dominated
by internal atmospheric dynamics (Lu et al. 2006). Differ-
ent from the first mode, the pacemaker experiment performs
well only at 850 hPa for the second mode. The correlation
between the model and ERA40 is 0.55 from 1958 to 1999
for the 850 hPa component (Fig. 2d), but only 0.16 for the
200 hPa component (Fig. 2e). Also, in contrast to the first
mode, the model performs well for the 850 hPa component
in both time periods 1958–1978 and 1979–1999.

We now turn to discussion of the relationship between
the EASM and ENSO. It has been noted that both the modes
are associated with the declining phase of ENSO in observa-
tions (Wang et al. 2008; Sun et al. 2010). Ding et al. (2014)
argue that reproducing the link between the first mode and
ENSO enables their model to capture part of the variabil-
ity of the first mode. Figure 3 shows the cross-correlation
between the time series for each mode and SST anoma-
lies averaged over the Nino3 region for observations and
the model, respectively. It is apparent that the relationships

between the two modes and ENSO seen in observations
are captured by the pacemaker experiments (Fig. 3a and
b). For instance, the pacemaker experiments reproduce the
link of the first mode to the decaying phase of ENSO seen
in observations even though the correlation is higher in the
model (Fig. 3a). What is surprising is that in the pace-
maker experiments, the second mode is linked with both the
decaying and the developing phase of ENSO, like in obser-
vations (Fig. 3b). We argue that the success in capturing a
substantial amount of variance of both the modes in ERA40
must be due to being able to capture the delayed impact of
ENSO on the EASM in the model, given that SST forcing in
the central and eastern tropical Pacific is the only informa-
tion in the model about the time series of events in the real
world.

We have also investigated the relationship between
ENSO and the respective 850 and 200 hPa components of
the two modes (Fig. 3c, d, e, and f). For the first mode, the
850 hPa component is significantly correlated with Nino3
SST variability in the previous winter whereas the 200 hPa
component is linked with Nino3 SST variability in the pre-
vious spring. For the second mode, the 850 hPa component
is also significantly correlated with Nino3 SST variability
in the previous winter but there is no significant relation-
ship when ENSO leads the 200 hPa component. These
results are consistent with the reproducibility of the 850
and 200 hPa components of the modes noted earlier and
add strength to the argument that the success of the pace-
maker experiments at capturing part of the variability of the
EASM comes from their ability to capture the ENSO/EASM
relationship.

The relationship between ENSO and the EASM (with
ENSO leading), as revealed by ERA-40 and HadISST data
sets for the two periods 1958–1978 and 1979–1999, is fur-
ther illustrated in Table 2. It is clear that the link for both
strengthens after 1979, especially for the first mode for
which there is no significant link before 1979, as noted

Table 2 Correlation coefficients between Nino3 SST variability in the previous winter and the two modes and their respective 850 and 200 hPa
components in the three periods: 1958–1999, 1958–1978, and 1979–1999, except for the 200 hPa component of the first mode which is correlated
with Nino3 SST variability in the previous spring

1958–1999 1958–1978 1979–1999

Mode 1 0.39∗ −0.06 0.63∗

850 hPa component 0.50∗ 0.11 0.71∗

200 hPa component 0.39∗ 0.13 0.45∗

Mode 2 0.41∗ 0.37 0.52∗

850 hPa component 0.58∗ 0.39 0.74∗

200 hPa component 0.09 0.21 0.01

All the time series are detrended prior to calculating correlation. Correlations that are significantly different from zero at the 95 % level or higher
(assuming each year to be independent) are shown with an asterisk. Here, time series for the two modes and their respective 850 and 200 hPa
components are calculated from the ERA40 reanalysis (Uppala et al. 2005) and Niño3 SST anomalies are calculated from the HadISST1.1 (Rayner
et al. 2003)
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earlier (see also Ding et al. (2014)). In particular, the cor-
relation coefficients between the first (second) mode and
ENSO in the previous winter are -0.06 (0.37) and 0.63
(0.52) for 1958–1978 and 1979–1999, respectively. The
stronger link to ENSO after 1979 can also be seen for
the 850 hPa component of the first (second) mode with
correlation coefficients of 0.11 (0.39) and 0.71 (0.74) for
1958–1978 and 1979–1999, respectively. The strong simi-
larity between the correlation coefficients shown in Tables 1
and 2 provides strong evidence of the ability of the pace-
maker experiments to capture the observed ENSO/EASM
relationship (with ENSO leading), noting that in the pace-
maker experiments the only interannual forcing comes from
ENSO.

Finally, we note that the correlation between Nino3 SST
anomalies and the first mode and its 850 and 200 hPa
components are much higher for the experiments than
in the observations. A possible reason is that the corre-
lations shown for the experiments are for the ensemble
mean, filtering out the noise and increasing the signal (here
ENSO-forced) to noise ratio. We have also calculated the
cross-correlation for the individual ensemble members and
find that they still capture the delayed impact of ENSO
on the EASM even though the correlation coefficients are
lower (not shown).

4 Summary and conclusion

In this study, we have revisited the two major modes of
variability of the East Asian Summer Monsoon (EASM)
identified by Sun et al. (2010) using the pacemaker exper-
iments of Lu et al. (2011). In the pacemaker experiments,
all the information about the time series of events in the
real world comes from the q-f lux that is applied in the
central and eastern tropical Pacific. The advantage of the
pacemaker experiments is that SST is a fully prognostic
variable and can freely interact with the atmospheric model
(Cash et al. 2010; Lu et al. 2011), avoiding some of the
issues inherent in atmosphere-only or ocean-only simula-
tions (Greatbatch et al. 1995; Wang et al. 2005; Wu and
Kirtman 2005; Wu et al. 2006; Wu and Kirtman 2007;
Griffies et al. 2009).

The two modes are calculated by applying a MV-EOF
analysis to boreal summer (June/July/August) seasonal
mean anomalies of the zonal and meridional winds in the
lower (850 hPa) and the upper (200 hPa) troposphere from
the ERA40 reanalysis (Uppala et al. 2005), and correspond-
ing principal components (PC) measure the variability of
the modes. For the pacemaker experiments, we project the
model wind fields onto the respective spatial patterns of
the two modes from the ERA40 reanalysis to derive the
corresponding time series. Results indicate that the model

can capture a significant part of the variability of both the
first and second modes. The correlation coefficients using
detrended time series between the pacemaker experiments
and ERA40 from 1958 to 1999 are 0.41 and 0.37 for
the first and second modes, respectively. These correlation
coefficients increase to 0.66 and 0.49 after 1979, consistent
with stronger ENSO forcing after the 1976/1977 climate
shift (e.g., Xie et al. 2010). The results from the pacemaker
experiments take a step forward from Ding et al. (2014).
In particular, the pacemaker experiments can capture about
25 % of variance of the second mode after 1979. We argue
that the key element is to capture the delayed impact of
ENSO on the East Asian summer climate, something that
is still a challenge for many of the state-of-the art coupled
models that took part in CMIP5 (Fu et al. 2013). Indeed,
the close agreement between the correlation coefficients in
Tables 1 and 2 is a tribute to the ability of the pacemaker
experiments to capture this relationship.

We also investigate the respective 850 and 200 hPa com-
ponents of the two modes. To derive the 850 hPa (200 hPa)
components, we project wind fields from only 850 hPa
(200 hPa) onto the corresponding spatial patterns of the two
modes. For the first mode, the 850 and 200 hPa compo-
nents are almost equally well captured by the pacemaker
experiments whereas for the second mode, only the 850 hPa
component can be captured.

Finally, we note that the MVEOF analysis used here is
not dependent on the use of the ERA-40 reanalysis. Wang
et al. (2008) originally obtained the same two MVEOFs
using a version of the NCEP reanalysis (Kanamitsu et al.
2002) and, as noted in Section 3, the same two MVEOFs
emerge when the analysis is applied to the ensemble mean
of the pacemaker experiments. Another example is given in
Figs. 5 and 6 of Ding et al. (2014). We have also repeated
the complete analysis carried out in this paper using both the
NCEP and ERA-Interim reanalysis and found little change
to the results (not shown).
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