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ABSTRACT

Using hindcasts of the Beijing Climate Center Climate System Model, the relationships between interannual variability
(IAV) and intraseasonal variability (ISV) of the Asian–western Pacific summer monsoon are diagnosed. Predictions show
reasonable skill with respect to some basic characteristics of the ISV and IAV of the western North Pacific summer monsoon
(WNPSM) and the Indian summer monsoon (ISM). However, the links between the seasonally averaged ISV (SAISV) and
seasonal mean of ISM are overestimated by the model. This deficiency may be partially attributable to the overestimated
frequency of long breaks and underestimated frequency of long active spells of ISV in normal ISM years, although the model
is capable of capturing the impact of ISV on the seasonal meanby its shift in the probability of phases.

Furthermore, the interannual relationships of seasonal mean, SAISV, and seasonally averaged long-wave variability
(SALWV; i.e., the part with periods longer than the intraseasonal scale) of the WNPSM and ISM with SST and low-level
circulation are examined. The observed seasonal mean, SAISV, and SALWV show similar correlation patterns with SST and
atmospheric circulation, but with different details. However, the model presents these correlation distributions with unreal-
istically small differences among different scales, and itsomewhat overestimates the teleconnection between monsoon and
tropical central-eastern Pacific SST for the ISM, but underestimates it for the WNPSM, the latter of which is partially related
to the too-rapid decrease in the impact of El Niño–SouthernOscillation with forecast time in the model.
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1. Introduction

Because of its complex variability and significant eco-
nomic and social impacts, prediction of monsoon has long
been an important yet challenging task. As an important ap-
proach, dynamical prediction of monsoon has drawn much
attention from both academic and operational communities.
However, monsoon prediction with climate models suffers
from many limitations, such as initial condition errors, im-
perfect model physics, incomplete forecast methods, among
others. Therefore, monsoon prediction by state-of-the-art cli-
mate models still shows an inability to capture the climato-
logical mean state (e.g., Lee et al., 2010; Li et al., 2012; Liu et
al., 2013), spatial and temporal variability (e.g., Wang etal.,
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2008; Xue et al., 2010; Liu et al., 2014), and relationships
between monsoon and other climate systems (e.g., Yang et
al., 2008; Drbohlav and Krishnamurthy, 2010; Rajeevan et
al., 2012). Thus, assessing the skills and diagnosing the defi-
ciencies of dynamical monsoon prediction are important for
improving monsoon prediction and model development.

As the strongest monsoon system in the world, the Asian–
western Pacific summer monsoon is marked by significant
multiscale variability. In particular, its interannual variabil-
ity (IAV) and intraseasonal variability (ISV), known by their
important impacts on many prominent climate and weather
phenomena both inside and outside the monsoon region, have
received much research interest (e.g., Wang et al., 2008;
Xavier et al., 2008; Zhou et al., 2009; Yoo et al., 2010). Al-
though with respective mechanisms and representations, the
IAV and the ISV of monsoon are connected with each other
and with other climate systems. The predictability of IAV
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of tropical monsoon is supposed to be originated from ex-
ternal forcing, such as SST, soil moisture, and snow cover
(Charney and Shukla, 1981), while the ISV of monsoon of-
ten serves as an important but less predictable internal com-
ponent (e.g., Goswami, 1998; Kang and Shukla, 2006; Suhas
et al., 2012). However, it has also been hypothesized that
the IAV of monsoon is determined by the shift in the prob-
ability density function of ISV toward either active or break
phases, in which external boundary forcing may act as an es-
sential modulating factor (Palmer, 1994; Ferranti et al., 1997;
Sperber et al., 2000; Goswami and Ajaya Mohan, 2001). In
this scenario, significant correlation between seasonal mean
monsoon and ISV has been found for the South Asian sum-
mer monsoon (e.g., Lawrence and Webster, 2001; Waliser et
al., 2004; Goswami et al., 2006; Qi et al., 2008; Fujinami et
al., 2011), and the relationship between the ISV of summer
monsoon and El Niño–Southern Oscillation (ENSO) has also
been revealed (Teng and Wang, 2003; Kim et al., 2008; Qi
et al., 2008). At present, it is still worth further exploring
whether the ISV of monsoon is not entirely internal variabil-
ity, but instead partially related to external components.

Also, as revealed by previous studies on the South Asian
summer monsoon, the IAV of the seasonal mean consists
of two independent parts: a large-scale seasonally persistent
mean component, and an average of the ISV; and the pre-
dictability of the seasonal mean monsoon depends on the rel-
ative magnitudes of seasonal averages of the persistent com-
ponent and the intraseasonal component (Krishnamurthy and
Shukla, 2000, 2007, 2008). In this context, both observa-
tions and model simulations have proved the presence of a
large-scale seasonally persistent structure that is attributable
to external forcing and largely determines the IAV of seasonal
mean monsoon, while the nature of ISV is less dependent
on the IAV of monsoon (Achuthavarier and Krishnamurthy,
2010).

Although the connection and interaction between the IAV
and ISV of monsoon is still a controversial issue, a reason-
able reproduction of the relationship between IAV and ISV
by climate models is indispensable for the skillful seasonal
prediction of monsoon. Thus, in this study, we explore the
relationships between the IAV and ISV of the Asian–western
Pacific monsoon by comparisons between observations and
model hindcasts, and between the western North Pacific sum-
mer monsoon (WNPSM) and the Indian summer monsoon
(ISM). The following questions are addressed: are there sig-
nificant relationships between the IAV and ISV of monsoon
over this monsoon region? In what way and to what degree
are the IAV and the ISV of monsoon connected with external
forcing and background circulation? What are the differences
in the above features between the WNPSM and ISM? How
well can models reproduce the observed features?

In section 2, a brief overview of the model output, obser-
vational data, and analysis methods is provided. In sections
3–5, we analyze the predictions of basic monsoon features,
the relationship between the ISV and IAV of monsoon, and
the links with external forcing and atmospheric circulation,
respectively. A summary and further discussion are presented

in section 6.

2. Model, data and methods

The model used in this study is an updated version of the
Beijing Climate Center (BCC) Climate System Model ver-
sion 1.1 (BCCCSM1.1; Wu et al., 2013) with a moderate at-
mospheric resolution [BCCCSM1.1(m)]. The atmospheric
component in BCCCSM1.1(m) is the BCC Atmospheric
General Model version 2 with a T106 horizontal resolution
and 26 hybrid sigma/pressure layers in the vertical direction
(Wu et al., 2010). The oceanic component is the Geophysical
Fluid Dynamics Laboratory (GFDL) Modular Ocean Model
version 4 with a tripolar grid in the horizontal direction and
40 levels in the vertical direction, and the sea ice component
is the GFDL Sea Ice Simulator. The land model is the BCC
Atmosphere and Vegetation Interaction Model version 1.0.
The different components are coupled without any flux cor-
rection. The BCCCSM1.1(m) and the BCCCSM1.1 are two
of the climate system models joining phase five of the Cou-
pled Model Intercomparison Project (CMIP5). The reason-
able performance of BCCCSM1.1(m) in climate simulation
and projection has been revealed by a fair number of studies
listed on the website http://cmip.llnl.gov/cmip5/publications/
model?exp=BCC-CSM1.1-m.

Some experiments aimed at boreal summer climate pre-
diction are implemented using BCCCSM1.1(m). The hind-
casts are initiated from 1 March of each year from 1991 to
2010 and end with a 7-month integration. The atmospheric
initial conditions are obtained from the winds, air temper-
ature, and surface pressure of the National Centers for En-
vironmental Prediction (NCEP) Reanalysis with four-times-
daily output, and oceanic initial conditions are from the sea
temperature of the NCEP Global Oceanic Data Assimilation
System. These reanalysis data are used to initialize the model
by a nudging strategy, which operates from late 1980 to the
beginning of a certain retrospective forecast. Each hindcast
includes 15 members, produced by a combination of lagged
average forecasting on atmospheric and oceanic initials, and
singular vector perturbing on initials of SST at the end of
February in the hindcast year.

The observations used for model verification include var-
ious variables from the NCEP Reanalysis 2 (Kanamitsu et
al., 2002), the Optimum Interpolation SST (Reynolds et
al., 2002), and the daily mean outgoing longwave radia-
tion (OLR; Liebmann and Smith, 1996) from the National
Oceanic and Atmospheric Administration (NOAA), and the
global monthly precipitation from the Climate Prediction
Center Merged Analysis (Xie and Arkin, 1997).

The IAV of monsoon for a particular year refers to the
difference of the June–July–August–September (JJAS) mean
between the specific year and the climatology from 1991 to
2010, and the ISV is computed based on the daily mean se-
ries in that year with a subtraction of daily climatology and
a subsequent filtering on the intraseasonal component, un-
less otherwise indicated. For the model output, the length
of the daily anomaly series (daily means minus daily clima-
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tologies) in each year is only 214 days (from 1 March to 30
September), which is unfavorable for using a Lanczos band-
pass filter to extract the intraseasonal part. Thus, a Fourier
harmonic analysis is performed on the time series and the
leading three harmonics (period> 70 days) are first deducted
as part of long-wave variability, followed by a 5-day running
average on the residue to get the part of the ISV. Then, the re-
sults from June to September are chosen for the ISV in boreal
summer. The same process is also used to extract observed
ISV in each year from 1991 to 2010.

To focus on the variability of the WNPSM and ISM,
two dynamical monsoon indices are used in our analy-
ses. The WNPSM index (WNPSMI) and the ISM index
(ISMI) are defined as the differences in area-averaged 850-
hPa zonal wind between (5◦–15◦N, 100◦–130◦E) and (20◦–
30◦N, 110◦–140◦E), and between (5◦–15◦N, 40◦–80◦E) and
(20◦–30◦N, 70◦–90◦E), respectively (Wang et al., 2001). All
the summer means, ISV and long-wave variability of each
monsoon index are calculated with the methods mentioned
above.

Additionally, we compute the direct correlations between
predictions and observations using ensemble-averaged vari-
ables to better depict the performance of ensemble prediction.
However, to objectively assess the model’s ability, for com-
parisons of any feature between the predictions and observa-
tions, computations are first performed for individual mem-
bers before averages are made.

3. Predictions of basic monsoon features

Figure 1 shows the climatologies of JJAS mean precip-
itation and 850-hPa winds for prediction, observations, and
model biases. The model captures the major low-level fea-
tures of the distribution of the Asian–western Pacific summer
monsoon. It also captures the overall locations and magni-
tude of major rainfall and winds in many places. However,
apparent systematic biases of the model are also found, which
include a dry bias over most of the Bay of Bengal, a wet
bias over the west coast of the Indo-China Peninsula, and a
cyclonic wind bias over the northwestern Pacific associated
with a wet bias over the central zone of the wind bias and
dry biases over the South China Sea and the western edge of
the Western Pacific Subtropical High (WPSH). With overall
weaker magnitude, these biases also appear in the NCEP Cli-
mate Forecast System (e.g., Yang et al., 2008; Drbohlav and
Krishnamurthy, 2010), and also some multi-model ensembles
of the DEMETER and ENSEMBLES EU projects (e.g., Lee
et al., 2010; Rajeevan et al., 2012), suggesting some common
deficiencies of state-of-the-art climate models. Besides,sig-
nificant convergence wind bias over the central tropical North
Indian Ocean and divergence wind bias over the eastern trop-
ical South Indian Ocean, along with wet and dry bias, respec-
tively, exist in BCCCSM1.1(m).

Despite the obvious systematic biases, a reasonable pre-
diction skill of the model for monsoon variability is still ex-
pected. Figure 2 shows the temporal correlations between

predictions and observations for interannual variations of
JJAS mean 850-hPa zonal wind and precipitation. Signif-
icant skills for the forecast of low-level winds are mainly
found over most of the tropical western North Pacific and
East Asia, covering the majority of areas along the western
edge of the WPSH. The model seems to perform better in pre-
dicting the WNPSM and East Asian summer monsoon than
the South Asian summer monsoon, at least for atmospheric
circulation. In contrast, except for some sparse regions near
the equator, the prediction of rainfall shows little skill over
most areas (Fig. 2b), consistent with previous results show-
ing that the forecasting of precipitation often exhibits quicker
error growth and shorter time in approaching the upper limit
of predictability than circulation (e.g., Xie et al., 2012;Liu et
al., 2014).

As important measures of monsoon variability, the inten-
sities of the ISV and IAV of 850-hPa zonal wind, given by
their respective standard deviations, are further explored (Fig.
3). The model reasonably reproduces the observed features
of the distribution of ISV intensity with maximums over the
extratropical North Pacific and areas from the Bay of Bengal
to the Philippine Sea, as well as the distribution of IAV inten-
sity with a magnitude center over the tropical western North
Pacific induced by ENSO. Nevertheless, compared to ob-
servations, obviously stronger ISV intensity over most places
and a more extensive and too-far-east center of magnitude are
found. Meanwhile, the IAV shows a larger central intensity

Fig. 1.20-year means of precipitation (shading; units: mm d−1)
and 850-hPa winds (vectors; units: m s−1) for (a) hindcasts, (b)
observations, and (c) biases (predictions minus observations)
averaged from June to September.
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Fig. 2. Spatial distributions of temporal correlations between
predictions and observations for summer-averaged (a) 850-hPa
zonal wind and (b) precipitation from 1991 to 2010. The shad-
ing levels above 0.44 and 0.56 represent the statistical signifi-
cance of correlation above the 95% and 99% confidence levels,
respectively, and the same hereafter.

with a farther southeastward shift toward the dateline overthe
western Pacific in the model. In addition, because the ISV
and IAV of monsoon may be governed by a common spa-
tial mode of variability (Ferranti et al., 1997; Sperber et al.,
2000; Goswami and Ajaya Mohan, 2001), the observed fea-
tures given in Figs. 3b and d both show high intensity over
the Bay of Bengal, the South China Sea, and the Philippine
Sea, even though this is not well captured by the model for
the false shifts of variability centers in Figs. 3a and c.

Next, we discuss some basic characteristics of ISV be-
fore exploring the relationships among different time scales.
A similar-to-observed vertical structure (Figs. 4a and b) and
northward propagation (Figs. 4e and f) are found for the ISV
of the WNPSM in the model, albeit with a somewhat smaller
range of the vorticity center and a faster propagation speed
than in observations. For the ISV of the ISM, the model cap-
tures a slightly faster northward propagation (Figs. 4g andh)
and a more northward center of vertical vorticity (Figs. 4c
and d) compared to observations. Furthermore, the broad-
band spectrum of ISV and its resulting aperiodicity is one of
the important characteristics in generating a non-trivialsea-
sonal mean ISV anomaly, which partially acts as a bridge to
connect the ISV and IAV of monsoon (Goswami and Xavier,
2005; Goswami et al., 2006). Thus, the spectral features of
the ISV of the WNPSM and ISM are specifically examined in
Fig. 5. Narrower-than-observed spectral bands are captured
by the model for both the WNPSM and ISM. In particular,
the predicted ISV does not show a significant period of near
50 days, which is the spectral peak found in observations.
Besides, similar results can be derived by power spectral

Fig. 3. Ensemble mean standard deviation (units: m s−1) of in-
traseasonal variability in summer (top two rows) and interan-
nual variability of summer mean (bottom two rows) for 850-
hPa zonal wind from 1991 to 2010. Panels (a) and (c) are for
the model, and (b) and (d) are for observations.

analyses for regionally averaged OLR over the WNPSM re-
gion (10◦–25◦N, 110◦–140◦E) and the ISM region (7.5◦–
22.5◦N, 60◦–90◦E) (figures not shown). This feature is un-
favorable for the seasonally accumulated quantity of ISV
anomaly to contribute to the seasonal mean in the model since
a narrow band may be periodic and its accumulation should
show little residue in the whole season.

4. Relationship between the ISV and IAV of
monsoon

In this section, the relationship between the ISV and IAV
of the Asian–western Pacific summer monsoon is explored
with a focus on the intensity, seasonally averaged anomaly,
frequency of occurrence of positive (negative) phase, and fre-
quency of consecutive break or active spells of ISV.

Figures 6a and b show the interannual correlations be-
tween the intensity of ISV and the summer mean for 850-hPa
zonal wind in the model and observations. The intensity of
ISV in boreal summer shows a significant positive correlation
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Fig. 4. (a–d) Meridional–vertical structure of intraseasonal vorticity (units: 10−6 s−1) along
110◦–140◦E/60◦–90◦E for the WNPSM/ISM. (e–h) Latitude–lag correlations of intraseasonal
OLR (10◦–25◦N, 110◦–140◦E)/(7.5◦–22.5◦N, 60◦–90◦E) with 850-hPa zonal wind (contours)
and OLR (shaded) along 110◦–140◦E/60◦–90◦E for the WNPSM/ISM. Predictions by the
model and observations are shown in the left and right columns, respectively. The dashed lines
in (a–d) represent the position of the maximum convection center.

with the summer mean over the tropical western Pacific (Fig.
6b), which is attributed to their sensitivity to ENSO variabil-
ity (Teng and Wang, 2003; Lin and Li, 2008). To a certain ex-
tent, the prediction captures this relationship, but with amore
eastward range of significant correlation distributed overthe

tropical central Pacific (Fig. 6a).
The interannual correlations between seasonally aver-

aged ISV anomaly (SAISV) and the JJAS mean of 850-
hPa zonal wind are further shown in Figs. 6c and d. Obser-
vations present significant positive correlation over mostof



1056 REFORECASTED RELATIONSHIPS BETWEEN MONSOON INTERANNUAL AND INTRASEASONAL VARIABILITY VOLUME 31

Fig. 5. Power spectra of the intraseasonal variability of (a, b) WNPSMI and (c, d) ISMI for
model (left column) and observations (right column). The green and red lines denote red noise
spectrums and 95% confidence bounds, respectively.

Asia and the western Pacific, especially the tropical west-
ern Pacific, where areas with correlation coefficients above
0.9 extend from the South China Sea to the east of the date-
line (Fig. 6d). In contrast, relatively weaker correlationap-
pears over the area from the tropical western South Indian
Ocean across Somalia to the southern Arabian Sea and India
(Fig. 6d), corresponding to an insignificant correlation be-
tween the SAISV and summer mean for the OLR over the
Bay of Bengal and southern Indo-China Peninsula (figure not
shown). This feature partially supports the result about the
South Asian summer monsoon that the ISV anomaly itself
may have little linear link with the summer mean (e.g., Qi
et al., 2008; Achuthavarier and Krishnamurthy, 2010). The
model, however, evidently overestimates the relationshipbe-
tween the SAISV and summer mean over the tropical central
Pacific, and near Somalia and the southern Arabian Sea (Fig.
6c).

Table 1 further examines the interannual variation of
the summer mean, intensity of ISV, and the SAISV for the
WNPSMI and ISMI. Measured by the correlations between
predictions and observations, prominent prediction skills are
found only for the summer mean and SAISV of the WNPSMI
with a correlation coefficient of about 0.7, but little skillfor

any of the other items of the WNPSMI and ISMI. Compared
to observations, the model underestimates the connection be-
tween the summer mean and the intensity of ISV for both
the WNPSMI and ISMI. Also, significant positive correla-
tions between the summer mean and the SAISV are found for
the above two dynamical monsoon indices in both prediction
and observation, and a stronger-than-observed connectionis
especially captured by the model for the ISMI, as already par-
tially revealed in Fig. 6.

A narrower-than-observed spectral band of ISV (Fig. 5)
and an exaggerated relationship between the SAISV and
summer mean of the ISM (Fig. 6 and Table 1) coexist in
the model. To explore this feature, the frequencies of ISV
anomalies in different monsoon years for the ISMI, as well
as for the WNPSMI, are examined (Fig. 7). The strong,
weak and normal monsoon years for a specific observed
monsoon index are distinguished by a standardized anomaly
of the JJAS mean index above 0.8, below−0.8, and between
−0.8 and 0.8, respectively. According to these criteria, there
are 5, 5, and 10 (4, 4, and 12) strong, weak and normal
years for the observed WNPSMI (ISMI) from 1991 to 2010.
Both the ensemble average and individual members of pre-
dictions show a similar proportion of frequency of certain

Table 1. Interannual correlations between predictions and observations for some relevant items of western North Pacific summermonsoon
index (WNPSMI) and Indian summer monsoon index (ISMI), and correlations between two of the items for model and observations. Values
in bold font exceed the confidence level of 99%.

Model & Obs ISV Std & JJAS mean SAISV & JJAS mean

JJAS mean ISV Std SAISV Model Obs Model Obs

NPSMI 0.69 0.36 0.71 −0.06 0.33 0.91 0.92
ISMI −0.17 0.30 0.27 0.09 0.33 0.88 0.75
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Fig. 6.Spatial distributions of temporal correlations between (a,
b) the intensity of intraseasonal variability and summer mean
and (c, d) the seasonal average of intraseasonal variability and
summer mean from 1991 to 2010 for 850-hPa zonal wind in (a,
c) the model and (b, d) observations.

monsoon years in general; however, only about 40%, 40%
and 60% (25%, 25% and 67%) of strong, weak and nor-
mal WPNSM (ISM) years in observations are consistently
captured by the model. Here, the statistics of ISV and IAV
anomalies for each one of the 15 members are individually
computed before showing the general ensemble features. Fig-
ure 7 indicates that, in both the model and observations, the
phase of ISV is often characterized by a shift towards more
frequent active (break) events in the strong (weak) summer
monsoon years, and a smaller change in the normal mon-
soon years. This feature suggests that the frequency of active
and break cycles of ISV is distinguishable between a strong
and weak monsoon year, which supports the hypothesis that
the IAV of seasonal mean monsoon may partially result from
the shifts in the probability of the phase of the ISV (e.g.,
Palmer, 1994; Sperber et al., 2000; Goswami and Ajaya Mo-

han, 2001).
Although the model exhibits a reasonable prediction skill

in the link between IAV and the frequency of ISV phases,
it may not be necessary to support a reliable contribution of
ISV to the summer mean monsoon. The very-long-duration
active or break phases of ISV can act as a common semi-
nal factor for generating anomalous seasons (Joseph et al.,
2009; Krishnan et al., 2009; Joseph et al., 2010) and are rather
important for the non-triviality of SAISV in a whole sum-
mer. Thus, the frequency of long break (active) spells and the
strong/normal/weak monsoon years co-occurring with long
break (active) spells are further explored in Table 2. The
long break (active) spells here are identified as break (active)
phases of ISV with consecutive standardized anomalies be-
low −1.0 (above 1.0) and a duration of at least 10 days for
the WNPSMI or ISMI. Statistics for the predictions are based
on all ensemble members. As seen from columns b and d in
Table 2, about 50% of the long break (active) spells occur in
weak (strong) monsoon years and the sum of long break (ac-
tive) spells during weak (strong) and normal monsoon years
stands at around 90%, as indicated by both the model pre-
diction and observations. Further, columns a and c in Table
2 show that a considerable proportion of normal and weak
(strong) monsoon years is associated with long break (active)
spells. For the more frequent occurrence and higher consis-
tency between forecasts and observations for normal mon-
soon years compared to weak and strong monsoon years, the
overestimated frequency of long breaks and underestimated
frequency of long active spells in normal ISM years favor the
non-triviality of SAISV in those years and further contribute
to the summer mean, which may be part of the reason why a
stronger-than-observed relationship between the SAISV and
IAV of the ISM is captured by the model.

5. Link with external forcing and circulation

The links of the WNPSMI and ISMI on various forms
[i.e., summer mean, SAISV, and seasonally averaged long-
wave variability (SALWV)] with summer mean SST, low-
level winds and precipitation are further explored.

The correlations between JJAS mean SST and the sum-
mer mean, SAISV, and SALWV of the WNPSMI for the
model and observations are given in Figs. 8a–f. Also, the
connections between the WNPSMI of different forms and
JJAS mean circulation are shown in Figs. 9a–f. It is ob-
served that a stronger-than-normal summer mean WNPSMI
is associated with a positive SST anomaly over the equatorial
central Pacific and a negative SST anomaly over the northeast
of Australia, eastern Indonesian Islands, and region from the
eastern Bay of Bengal to the Philippine Sea (Fig. 8b). It not
only corresponds to a belt of westerly wind anomaly across
the Maritime Continent and the tropical western Pacific sur-
rounded by anomalies of cyclonic wind convergence over its
both sides in the two hemispheres, but also is coupled with
more precipitation over the tropical western Pacific and less
precipitation over a cross-equatorial sloping belt from Aus-
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Fig. 7.Frequencies of intraseasonal anomalies of (a–f) WNPSMI and(g–l) ISMI in strong (upper row), weak (middle row) and
normal (bottom row) monsoon years for (a–c; g–i) the model and (d–f; j–l) observations.

Table 2. The frequencies (units: %) of long break/active spells (LBS/LAS) and anomalous summer monsoon years co-occurring with
LBS/LAS. Monsoon years are classified into weak, normal and strong ones according to the magnitude of standardized anomalies of the
summer-mean WNPSMI and ISMI.

(a) Certain monsoon years (b) LBS occurring in (c) Certain monsoon years (d) LAS occurring in
with LBS/sum of these certain monsoon with LAS/sum of these certain monsoon

monsoon years years/sum of LBS monsoon years years/sum of LAS

Model Obs Model Obs Model Obs Model Obs

Weak WNPSM 85.2 60.0 57.5 50.0 8.2 20.0 3.9 9.1
Normal WNPSM 30.0 40.0 39.7 50.0 30.6 40.0 50.0 45.5
Strong WNPSM 5.8 0.0 2.8 0.0 59.4 60.0 46.1 45.4

Weak SASM 59.7 50.0 53.1 57.1 4.8 0.0 5.5 0.0
Normal SASM 21.5 16.7 42.7 28.6 19.9 33.3 54.2 57.1
Strong SASM 7.0 25.0 4.2 14.3 42.1 75 40.3 42.9

tralia across Indonesia to India (Fig. 9b). Similar to the find-
ings by Wang et al. (2000), the above features may be sup-
ported by air–sea interaction processes, in which the strength-
ening westerly wind (weakening easterly trade) over the east
(west) of the Philippine Sea encourages the cooling (warm-
ing) SST by enhanced (suppressed) evaporation and entrain-
ment cooling over respective regions. The distribution of SST
anomalies over the tropical western Pacific in turn favors the

persistence of wind anomalies through an atmospheric ther-
mal response. Although sharing a similar correlation pattern
as above, the SAISV and SALWV of the WNPSMI are corre-
lated with SST with different priorities, in which the former is
related more to the SST over the region from the Bay of Ben-
gal to the Philippine Sea and less to the SST over the equato-
rial central Pacific, while the latter often shows a very similar
connection with SST to that of the summer-mean WNPSMI
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Fig. 8.Patterns of correlations between summer-mean SST and WNPSMI/ISMI for the model (left column) and
observations (right column). The monsoon index is examinedby the summer mean (a, b; g, h), seasonal average
of intraseasonal variability (c, d; i, j), and seasonal average of long-wave variability (e, f; k, l), respectively. The
shading levels above 0.44 and 0.56 (below−0.44 and−0.56) represent the statistical significance of correlation
above the 95% and 99% confidence levels, respectively.

(Figs. 8d, f). In association, a significant response feature of
low-level winds is confined to the west of the dateline for the
SAISV, while it extends into the tropical central Pacific for
the SALWV (Figs. 9d and f).

The summer-mean WNPSMI in the model almost shows
no significant connections with SST except over some very
small and sparse regions in the tropical Indian Ocean and
western Pacific (Fig. 8a). Meanwhile, a regional cyclonic
wind response over the western Pacific is captured by the

model (Fig. 9a). These features are almost equivalently re-
produced by the results for the SAISV and SALWV of the
WNPSMI, indicating that the seasonal contributions of mon-
soon variability with different scales tend to show a common
link with external forcing and circulation rather than a selec-
tive connection (Figs. 8c, e, 9c and e).

The links of predicted and observed summer mean,
SAISV and SALWV of the ISMI with JJAS mean SST are
presented in Figs. 8g–l, and with JJAS mean 850-hPa winds
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Fig. 9. Patterns of regressions (vectors) of summer-mean 850-hPa winds on WNPSMI/ISMI and correlations
(shading) between summer-mean precipitation and WNPSMI/ISMI for the model (left column) and observa-
tions (right column). The monsoon index is examined by the summer mean (a, b; g, h), seasonal average of
intraseasonal variability (c, d; i, j), and seasonal average of long-wave variability (e, f; k, l), respectively. The
shading and vectors represent the statistical significanceof correlation above the 95% confidence level.

and precipitation in Figs. 9g–l. The summer mean of ISMI
shows a negative but insignificant correlation with the SST
over the tropical central and eastern Pacific and the tropical
western North Indian Ocean (Fig. 8h), in association with a
significant correlation with zonal wind over most of the Ara-
bian Sea (Fig. 9h). These observational features essentially
indicate a degree of teleconnection between ENSO and ISM,

although overtaken by an obvious decline since the 1980s in
contrast to before that time (e.g., Kumar et al., 1999; Wang et
al., 2001; Kripalani et al., 2003). Similar to the results for the
WNPSMI, the SAISV and SALWV of the ISMI are also cor-
related with SST with similar patterns but different details.
In particular, over the tropical eastern Pacific, the SAISV is
more apparently and negatively correlated with SST and low-
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level zonal wind than the SALWV and summer mean (Figs.
8j and 9j), implying a strong link between ENSO and the ISV
of the ISM.

For the ISM in the model, however, the summer mean,
SAISV and SALWV are all significantly related to SST and
circulation over the tropical central and eastern Pacific and
the differences among them are small (Figs. 8g, i, k, 9g, i,
and k). Additionally, the negative correlations with SST in
the tropical eastern Pacific and western Indian Ocean, as well
as the horseshoe patterns of positive correlation in the west-
ern Pacific and part of the tropical eastern Indian Ocean are
similar to the La Niña SST anomaly distribution. To some
extent, these features indicate an overestimation of the link
between the ISM and ENSO.

Given the critical role of ENSO in seasonal climate fore-
casts, we assess the prediction skills for ENSO and its im-
pact on monsoon circulation. If the interannual departures
of Niño3.4 SST above 0.5◦C or below−0.5◦C in each month
from March to September in the 20 years are chosen as signif-
icant anomalies of ENSO, 64 and 68 anomalous months are
observed and predicted, respectively, and 41 of them are con-
sistently captured by both the model and observations. The
correlation between prediction and observation in all forecast
months is 0.78, suggesting a reasonable skill for ENSO fore-
casting. However, the observed connections between mon-
soon and SST in the Niño region are limitedly reproduced by
the model as presented in Figs. 8 and 9. Due to the small dif-
ferences among the multiscale responses of monsoon to trop-
ical SST and circulation in the model, we further examine the
impact of ENSO on seasonal mean circulation. Figures 10a–
d show the simultaneous relationships between the Niño3.4
SST index and the 850-hPa winds and precipitation for both
predictions and observations in summer and spring. Also,
the correlations between the Niño3.4 SST index and tropical
SST are shown in Figs. 10e–h. In summer, when ENSO is in
a developing or decaying stage, significant large-scale atmo-
spheric responses are mainly observed over the subtropical
South Pacific and the tropical region from the eastern Indian
Ocean to the eastern Pacific (Fig. 10b), associated with an in-
phase SST anomaly over the eastern Pacific and a horseshoe-
pattern response over the western Pacific (Fig. 10f). How-
ever, the model evidently underestimates the responses of
winds and precipitation over most of the tropical Pacific and
the tropical eastern Indian Ocean (Fig. 10a), in association
with narrower-than-observed significant correlation of SST
over the central-eastern Pacific (Fig. 10e). Compared to that
in summer, the model basically reproduces the connections
between the Niño3.4 index and tropical SST and circulation
in spring (Figs. 10c, d, g, and h). Therefore, the too-rapid
decrease in the impact of ENSO with forecast time should be
partially responsible for the apparent underestimation ofthe
relationship of the WNPSM with SST and circulation.

6. Summary and discussion

In this study, we have explored the relationship between
the IAV and ISV of the Asian–western Pacific monsoon us-

ing retrospective forecasts initialized at the end of February
by the BCCCSM1.1(m).

The model exhibits reasonable skill in its predictions of
climatologies and the IAV of monsoon, in spite of some
apparent systematic biases, and it performs better with re-
spect to the IAV of the WNPSM than that of the ISM. In
terms of the standard deviations of the ISV and IAV of sum-
mer monsoon, the model also reasonably reproduces the ob-
served features of spatial distribution, but with larger ampli-
tude and a farther eastward position of the central strength
for both. Besides, narrower-than-observed spectral bandsfor
the WNPSM and ISM on the intraseasonal scale are found in
the model since the predicted spectral variances are mainly
limited to the bands with periods of less than 50 days.

The model shows positive interannual correlation be-
tween the summer mean and intensity of ISV over the west-
ern Pacific, but with a more eastward shift of significant
correlation compared to observation. Also, the predictions
show a stronger-than-observed connection between the sum-
mer mean and SAISV over the tropical central Pacific and
near Somalia and the southern Arabian Sea. The statistics on
the frequencies of ISV anomalies in strong, weak, and normal
WNPSM and ISM years indicate that the seasonal anomalies
of summer monsoon are to a certain extent determined by the
shifts in probability of ISV towards either an active or break
phase. Although the model can basically reproduce this fea-
ture, it still overestimates the frequency of long breaks and
underestimates the frequency of long active spells in normal
Indian monsoon years, which may partially contribute to the
stronger-than-observed relationship between the SAISV and
seasonal mean of the ISM.

Furthermore, the interannual links of the seasonal mean,
SAISV and SALWV of the WNPSMI and ISMI with summer
mean SST, low-level winds and precipitation have been ex-
plored. Observations reveal that, the seasonal mean, SAISV
and SALWV of summer monsoon all show similar correla-
tion patterns with summer SST but with different details. For
the WNPSMI, both seasonal mean and SALWV are signif-
icantly and positively correlated with SST over the equato-
rial central Pacific but negatively correlated with SST over
the northeast of Australia, eastern Indonesian Islands, and
regions from the eastern Bay of Bengal to the Philippine
Sea. The correlation between SAISV and SST is concen-
trated more in the region from the Bay of Bengal to the Philip-
pine Sea and less in the equatorial central Pacific. However,
the predicted seasonal mean, SAISV, and SALWV of the
WNPSMI present highly similar links with SST, and the cor-
relations are insignificant except over some small and sparse
regions in the tropical Indian Ocean and the western Pacific.
It is supposed that the excessive decline of the impact of
ENSO with forecast time should partially account for the ap-
parent underestimation of the relationship of the WNPSM
with SST and circulation. For the ISMI, the observed sea-
sonal mean and SALWV show similar but insignificant cor-
relations with the SST over most tropical areas, while signif-
icant correlation between SAISV and tropical eastern Pacific
SST is found. Nevertheless, not only stronger-than-observed
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Fig. 10.(a–d) Patterns of regressions (vectors) of seasonal mean 850-hPa winds on Niño3.4 SST index and cor-
relations (shading) between precipitation and Niño3.4 SST index for the (a, c) model and (b, d) observations.
The features for the summer (June to September) and spring (March to May) are given in (a, b) and (c, d),
respectively. Panels (e–h) are the same as (a–d), but only for the correlations between SST and Niño3.4 index.

relationships with SST over the tropical eastern Pacific, but
also very small differences among these correlation distribu-
tions for the seasonal mean, SAISV and SALWV of the ISMI
are captured by the model, implying an overestimated link
between the ISM and ENSO. The features of low-level circu-
lation and precipitation also match the above results.

The BCCCSM1.1(m) shows reasonable but limited skill
in capturing the observed relationships between the ISV and
IAV of summer monsoon. However, this may gradually im-
prove with a decrease in the lead time of prediction given
that the current hindcasts initialized at the end of February
most likely suffer from a spring predictability barrier. Thus,
more experiments and evaluations on this subject should be
implemented in future work. Meanwhile, our analyses have
revealed some shortcomings of the model in forecasting the
relationships between the ISV and IAV of monsoon and have
preliminarily explored the possible causes, suggesting that
we should pay attention to further improving the model’s
ability in capturing ENSO events and their links with atmo-
spheric circulation, as well as in reproducing monsoon ISV
with accurate spectral characteristics and reasonable frequen-
cies of long breaks or active spells.

In addition, it should be noted that the ensemble predic-
tion of the WNPSM exhibits more skill than that of the ISM,
as demonstrated in section 3, which is also found in predic-
tions of the Asian summer monsoon by the NCEP Climate
Forecast System (e.g., Jiang et al., 2013). Two factors may
account for this feature. First, compared to the ISM, the
WNPSM is more highly correlated with ENSO and large-
scale circulation on the interannual scale (e.g., Wang et al.,
2000; Xie et al., 2009), which can be relatively better cap-
tured by the ensemble prediction of models. Secondly, the in-
terannual variability of the ISM is affected not only by ENSO,
but also by local SST (e.g., the Indian Ocean dipole) and ther-
mal conditions over the surrounding lands such as the Tibetan
Plateau, leading to more complex and less skillful prediction
of the ISM. Further studies on this issue are undoubtedly nec-
essary.
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