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Abstract

This paper identifies the seasonal relationships between monsoon activities over South China (SC) in winter and summer,
which can help improve seasonal predictability. A predefined unified monsoon index that can well represent monsoon
characteristics in both winter and summer over SC is employed. A time series of this unified monsoon index in summer
and winter, and a lead-lag correlation analysis of the unified monsoon index, found that from summer to winter, monsoon
activities tend to have an out-of-phase relationship (weak summer with strong winter monsoons or strong summer with
weak winter), while from winter to summer, they tend to be in-phase (weak winter with weak summer or strong winter with
strong summer). The composite difference between strong and weak winter monsoons shows that in the preceding summer of
strong winter monsoons, monsoon activities tend to be weak, due to the influence of developing La Nifa-like events; in the
ensuing summer, monsoon activities tend to be strong, modulated by an anomalous cyclone over the western North Pacific
(WNP), which is triggered by that La Nifia-like pattern over the East Pacific. From summer to winter, the Indian Ocean
dipole (IOD) mode is evident over the Indian Ocean (I10); from winter to summer, the Indian Ocean Basin (IOB) mode is
dominant, which confirms the important role of the IO in these seasonal relationships of monsoon activities. A negative IOD
pattern acts together with La Nifia-like forcing, enhances northerly anomalies over East Asia, strengthens winter monsoon
winds, and thus enhances the out-of-phase relationship. IOB cooling can capture the anomalous signal of El Nifio—Southern
Oscillation (ENSO) and favor the persistence of an anomalous cyclone over the WNP until the following summer (“capacitor
effect”), which is important for the in-phase relationship. These roles are also further verified by numerical experiments that
prescribe ENSO-like, IOD-like, and IOB-like heat source anomalies over the Pacific and IO in an anomalous atmospheric
general circulation model.
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1 Introduction was first proposed by Yasunari (1991), and the season-reli-

ant empirical orthogonal function (S-EOF) method, Wang

In studies of climate variability and seasonal predictability
in monsoon regions, it is of interest to identify the possible
relationships between summer and winter monsoon activi-
ties. Establishing connections between seasons is important
because it can potentially provide seasonal prediction of
monsoon activities. Previous studies have suggested there
are some seasonal linkages between summer and winter
monsoons. Using the concept of “monsoon year,” which
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et al. (2008) found that the leading mode of Asian—Austral-
ian monsoon (AAM) variability exhibits a prominent bien-
nial tendency that can cover a whole monsoon year, from
one summer to the following summer. In terms of the phase
relation between monsoon seasons, previous studies have
made preliminary conclusions regarding intensity connec-
tions in the East Asian monsoon region from summer to
winter, where there tends to be an out-of-phase relation.
However, from winter to summer, the seasonal relationship
tends to be more variable (Chen et al. 2000; Chang et al.
2000; Wu and Chan 2005a; Li et al. 2010; Feng and Chen
2014; Wu et al. 2014). For example, Wu and Chan (2005a)
classified summer and winter monsoon years into differ-
ent categories according to monsoon intensity and found
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that a stronger summer monsoon preceded a weaker winter
monsoon (out-of-phase relationship) and a weaker winter
monsoon was followed by a stronger summer monsoon (out-
of-phase relationship), and this was under the influence of
the transition of ENSO from a positive to a negative phase.
But Li et al. (2010) used a newly defined monsoon index to
identify an in-phase relationship between strong (weak) East
Asian winter monsoons and ensuing strong (weak) summer
monsoons. Using EOF analysis, Wu et al. (2014) also found
cross-seasonal connections in rainfall variability over the
South China Sea (SCS) region; leading summer and winter
were out-of-phase, while winter and ensuing summer were
in-phase, but the focus was only on the ocean.

However, the mechanism behind this connection is so
complex that it is hard to draw a simple conclusion. Pre-
vious works have clarified the role of the ENSO in this
relation (Chen et al. 2000; Wu and Chan 2005a; Chan and
Zhou 2005; Zhou and Chan 2007; Wang et al. 2008; Zhou
et al. 2009b; Feng and Chen 2014; Wu et al. 2014; Leung
et al. 2017). During the summer of El Nifio development,
remote ENSO forcing plays a major role in the monsoon
system anomalies that exhibit a tilted anticyclonic ridge that
originates in the Maritime Continent and strengthens the
western North Pacific (WNP) monsoon (Wang et al. 2003).
And a warm ENSO event can weaken the East Asian win-
ter monsoon through remote response and teleconnection
(Li 1989; Chang 2004). From winter to summer, El Nifio
events can trigger a statistically significant occurrence of
an anomalous anticyclone over the Philippine Sea during
the mature winter. This anomalous anticyclone can persist
from winter to the ensuing summer (Wang et al. 2000), and
it is an important atmospheric system that conveys El Nifio
impact to the East Asian summer climate (Li et al. 2017).
Chen et al. (2013) have also investigated the variations of
these seasonal relationships under different combinations of
ENSO and the Pacific decadal oscillation (PDO). Zhou et al.
(2009b) demonstrated the SST forcing mechanisms for the
leading biennial mode of AAM and suggested that besides
ENSO forcing, local air—sea coupling effects can also play
important roles in the seasonal evolution of monsoon activi-
ties. Li et al. (2010) hypothesized a possible tropospheric
biennial oscillation mechanism to explain these seasonal
relationships of monsoon activities. However, besides the
factors already identified, other factors may also be vital in
this seasonal relation. For example, studies on the modula-
tion of Indian Ocean (IO) forcing on the seasonal relations
of monsoon activities are limited. But the impact of IO on
monsoon circulation cannot be neglected. For example, Wu
et al. (2009) found that IO basin warming during the ENSO
decaying summer is very important in maintaining the anti-
cyclonic circulation over the WNP so that the anomalous
atmospheric signals can pass through winter to summer. Xie
et al. (2009) have addressed this effect of IO warming on the
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following summer monsoon circulation as the IO capacitor
effect, which can act together with local sea surface cooling
in the easterly trade regime of the WNP to influence climate
variability (Xie et al. 2016; Wang et al. 2013). This impact
of IO basin warming has also been demonstrated by previ-
ous numerical model experiments (e.g., Lau and Nath 2003;
Lau et al. 2006; Li et al. 2008; Zhou et al. 2009a). From a
seasonal perspective, Wang and Wu (2012) discussed the
10 forcing effect on the seasonal linkage, assuming a domi-
nant in-phase relationship from winter to summer. But they
did not discuss whether the IO played a role in modulat-
ing the relationship between the preceding summer and the
following winter monsoons and what the relative roles of
ENSO and IO are. Since the strong dependence between the
ENSO and IO forcing modes cannot be ignored (Yuan et al.
2008c; Yang et al. 2015), and the detailed coupling effects
between ENSO and the Indian Ocean dipole (IOD) or Indian
Ocean Basin (IOB) modes are still not clear, it is important
to investigate their relative roles in modulating the monsoon
systems. So the ways in which IO forcing modulates these
seasonal connections need further study.

In this study, a systematic framework is proposed to
summarize the seasonal relationships of monsoon intensi-
ties between different seasons over South China (SC) and
also to investigate the different roles ENSO and IO play in
seasonal connections, and then to discuss the mechanism of
these seasonal connections. The rest of this paper is organ-
ized as follows. In Sect. 2, the data and monsoon index used
in this study are described. In Sect. 3, the phase relation
between the summer and winter monsoons is examined and
summarized. In Sect. 4, the forcing effects of ENSO, 10D,
and IOB are investigated. In Sect. 5, numerical simulation is
conducted to test the ENSO, IOD, and IOB forcing effects.
In Sect. 6, a summary and discussion are given.

2 Data and meteorology

Gauge-based station precipitation and temperature data
over stations in China are used in this study. For reanaly-
sis data, the ERA-Interim dataset is employed here, which
is produced by the European Centre for Medium-Range
Weather Forecasts (ECMWF) (Dee et al. 2011). The grid-
ded (0.75°x%0.75°) monthly horizontal winds, geopotential
height, omega, temperature, and sea surface pressure from
1979 to 2014 are used. The monthly mean National Oce-
anic and Atmospheric Administration (NOAA) optimum
interpolation version 2 sea surface temperature (SST) with
a resolution of 1°x 1° (Reynolds et al. 2002) is also used.
Outgoing longwave radiation (OLR) with a resolution of
2.5°%2.5° is used to represent tropical convection, which
is based on the High Resolution Infrared Radiation Sounder
(HIRS) v2r2 (Lee et al. 2007). Daily and monthly datasets
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from the National Centers for Environmental Prediction/
National Center for Atmospheric Research (NCEP/NCAR)
are also used to calculate apparent heating, with a horizontal
resolution of 2.5° % 2.5° (Kalnay et al. 1996).

In order to represent the East Pacific (EP) and 10 forcing
modes, we employ the Nifio-3.4 index to measure ENSO
[the regional monthly-mean sea surface temperature over
the region (5°S-5°N and 120°W-170°W)]; the DMI index
to measure the IOD [the SST anomaly difference between
the IODW region (10°S—10°N, 50°E-70°E) and the IODE
region (10°S-0°S, 90°E-110°E)]; and the IOB index to
measure the IOB [time series of the first mode of EOF
analysis of SST anomalies (SSTAs) over the IO]. All these
indices are calculated using the seasonal mean to deduct the
sub-seasonal signals.

This study uses the unified monsoon index for SC to rep-
resent the intensity of monsoon activities. This unified index
is proposed to analyze the climate variability of SC mon-
soons based on the idea that although wind direction reverses
in different seasons, both the summer and winter monsoons
are driven by the same mechanism, the north—south tem-
perature contrast. In both winter and summer, the meridi-
onal winds at low levels over the SCS are the strongest in
the entire East Asian monsoon system. Using meridional
wind of the SCS as a unified index can well represent the
monsoon features of both monsoon seasons. Therefore,
1000 hPa meridional wind averaged over the northern SCS
(7.5°N-20°N, 107.5°E-120°E, shown as the box in Fig. 1)
is adopted as the unified monsoon index for SC, which has
been verified to be well related to summer rainfall as well
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Fig.1 Climatological 1000 hPa wind field during a winter and b
summer; ¢ time series of unified monsoon index (regional average
of 1000 hPa meridional winds over 7.5°N-20°N, 107.5°E-120°E,

shown by the yellow rectangular box in a and b). The light blue and
orange bars (c¢) indicate the unified monsoon index during winter and
summer, respectively
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as winter temperature over SC based on station datasets (Lu
and Chan 1999). As Lu and Chan (1999) defined, the aver-
aged meridional wind fields of JJA are used to represent the
summer monsoon, while those of NDJF are used to reflect
the winter monsoon, which are the months when maximum
summer southerly flow and maximum winter northerly flow
are all located over the SCS. In this study, we follow the
definition of this unified monsoon index, but when analyzing
the winter circulation pattern, the DJF season is mainly used
according to the convention of Asian monsoon research. The
seasonal pattern of winds is shown in Fig. 1, where norther-
lies prevail over East Asia (EA), with an anomalous cyclonic
circulation pattern over the Philippine Sea during winter,
while southerlies prevail over the SCS during summer.

In order to test the performance of this index in represent-
ing the SCS monsoon system, correlation analysis is used
here, and results are shown in Fig. 2. The correlation map of

(a)nur

precipitation (Fig. 2a, c¢) shows that a positive precipitation
center is located over the equatorial region and its nega-
tive center dominates EA during winter, which means that
strong winter monsoons over the SCS correspond to less
rainfall north of 20°N but more rainfall over the Maritime
Continent (Fig. 1a). For temperature during winter, we can
also see that negative correlations are dominant over this
region, signifying the cold traits of winter monsoon activity.
During summer, the correlation map of precipitation shows
that SC and the northern SCS experience more precipitation,
while the Yangtze River valley experiences less precipita-
tion. The temperature pattern during summer is almost the
opposite of the precipitation pattern. So, correlation analysis
indicates that a strong winter monsoon features cold tem-
peratures and less precipitation over SC and the northern
SCS; and a strong summer monsoon features more precipi-
tation over SC and the SCS, but less precipitation along the
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Fig.2 Correlation maps of winter and summer a, ¢ precipitation and b, d temperature regarding the unified monsoon index for 1979-2014. Dot-

ted areas are statistically significant at the 95% confidence level
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Meiyu-Baiu band, which is also consistent with the findings
of other studies using different monsoon indices (Wang and
Wu 2012).

This study uses the unified monsoon index during sum-
mer and winter to do lead-lag correlation analysis to identify
the seasonal connection of monsoon activities between dif-
ferent seasons. In addition, composite analysis is also used
to reveal monsoon circulation differences during the preced-
ing and ensuing summer associated with strong and weak
winter monsoon years to document the seasonal relationship
from summer and winter and that from winter to summer.
In order to test these seasonal linkages, an anomaly atmos-
pheric general circulation model (AGCM) (Li 2006) based
on the Princeton dynamic core is employed.

3 Phase relationships between summer
and winter

Previous studies have suggested seasonal connections in
rainfall variability over the SCS between summer and win-
ter (Wu and Chan 2005b; Li et al. 2010; Wu et al. 2014),
but without a consensus on whether a strong (weak) winter
leads to a weak (strong) subsequent summer, or whether a
strong (weak) winter leads to a strong (weak) subsequent
summer. Figure 1c shows the time series of the unified mon-
soon index during winter (NDJF) and summer (JJA) for the
period of 1979-2014. Because northerly winds are dominant
during winter, the unified index is shown as negative. In
order to compare the intensities of monsoons directly, the
absolute value of the unified monsoon index is adopted for
winter in Fig. 1c. According to the time series of the uni-
fied monsoon index for winter and summer in Fig. 1c, 21 of
36 years can be identified as out-of-phase (weak to strong
or strong to weak) from summer to winter, indicating that
the out-of-phase relation is dominant. But for cases in which
winter leads summer, 19 of 36 years are in-phase (weak to
weak or strong to strong), which might be consistent with
previous studies (Li et al. 2010; Wu et al. 2014), but different
from the work of Wu and Chan (2005a).

3.1 South China winter monsoon index

Using the unified monsoon index during winter correlated
with lead-lag seasonal 850 hPa winds and the outgoing
longwave radiation (OLR) fields (Fig. 3) from the preceding
summer (JJA(— 1)) to the following summer (JJA(0)), mon-
soon circulation relationships between different seasons can
be further verified. The numbers — 1 and O in parentheses
signify whether the season belongs to the preceding or the
same year as the January and February of that winter. During
JJA(—1) (Fig. 3a), an anomalous anticyclonic circulation
pattern is located over the western North Pacific, leading
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Fig. 3 Distribution of correlation coefficients of 850 hPa winds and
OLR in lead-lag seasons with respect to the unified monsoon index
for winter. Dotted areas are statistically significant in OLR fields at
the 95% confidence level. Vectors indicate that the correlation coef-
ficients of winds exceed the 95% confidence level
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to southerly winds prevailing to its northwest. Associated
with lower-tropospheric signals, a positive convection signal
controls North China but a negative convection signal domi-
nates SC and the SCS, which suggests that monsoon activity
is suppressed over SC and the SCS during the preceding
summer. During autumn (Fig. 3b), the convection center
extends and northerly winds emerge over SC. In the simul-
taneous winter correlation maps (Fig. 3c), we can see that
an anomalous cyclone controls the Philippines and the Mari-
time Continent, and to the north of this cyclone, northerly
anomalous winds prevail, thus enhancing the climatologi-
cal monsoon winds. Negative OLR values can be seen over
the same region as that anomalous cyclone; however, the
positive maximum shown as a belt dominates SC. Together,
the wind fields and the OLR signals illustrate what a strong
winter monsoon pattern looks like.

During MAM (0) (Fig. 3d), the positive OLR center dis-
appears but the negative values are still evident and move
northward, associated with cyclonic circulation signals,
which also shift northward to the western North Pacific
(WNP). During the ensuing summer, the cyclone pattern
persists over the WNP, and to its west, negative OLR values
affect SC, so the lower troposphere is favorable for monsoon
convection, which is also indicated by weak negative OLR
values over eastern China.

These seasonal evolution patterns are also compared with
the work of Wang et al. (2008) and Zhou et al. (2009b), who
used season-reliant EOF (S-EOF) analysis to identify the
leading modes of Asian—Australian monsoon rainfall varia-
tions. Basically, Fig. 3 shows the opposite patterns with the
first biennial mode of S-EOF results from their work, which
also revealed a tendency of seasonal linkages between dif-
ferent monsoon seasons.

Based on the time series of the unified monsoon index
during winter and the correlations of the monsoon system
regarding the winter monsoon index, the seasonal relation-
ships over SC can be summarized: that is, from summer
to winter, monsoon activities tend to have an out-of-phase
relation, and from winter to summer, they tend to have an
in-phase relation.

3.2 South China summer monsoon index

Similarly, the unified monsoon index for summer (JJA) can
also reproduce seasonal relationships between summer and
winter. Correlation maps of the summer monsoon index
with a lead-lag seasonal circulation pattern but from the
current summer (JJA(0)) to the next summer(JJA(+ 1)) are
shown in Fig. 4. The number+ 1 in parentheses signifies
that the season belongs to the ensuing year of that sum-
mer. Basically, Fig. 4 shows opposite patterns compared to
Fig. 3, but it represents similar seasonal relations. During
JJA(0) (Fig. 4a), a positive convection signal, indicated by
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the negative OLR value, is shown over SC, associated with
cyclonic circulation. For the following autumn, a positive
OLR maximum controls the SCS, but quickly weakens dur-
ing the following season. During DJF(+ 1), in addition to
the suppressed convection over the tropical region, we can
also see the enhanced convection belt from SC to the east
of Japan, which is the opposite of Fig. 2a, signifying the
characteristics of a weak winter monsoon. Therefore, we
can identify an out-of-phase relationship from JJA(0) to
DJF(+ 1), which is similar to the results of an out-of-phase
relationship shown in Fig. 3. According to Fig. 4d, the signal
nearly vanishes during this spring, which may be attributed
to the ‘spring barrier’ effect (Webster and Yang 1992). As
a result, the signals in the following two seasons are hard to
interpret. However, from summer to winter alone, the result
is consistent with that when focusing on winter.

The seasonal relationships over SC are also confirmed by
the lead-lag correlation map based on the time series of the
unified monsoon index during summer: monsoon activities
tend to have an out-of-phase relation from summer to win-
ter, but become in-phase from winter to summer. Due to the
similarity of seasonal relationships revealed in Figs. 3 and
4, the following analysis will focus only on winter, which
means considering winter as the central season and study-
ing its relationships with the previous and ensuing summer.

4 Forcing effects of ENSO and 10
on seasonal relationships of monsoon
activities between summer and winter

Since climate system memory cannot last long enough to
preserve an anomalous signal through different seasons, the
seasonal connection must be related to another long-term
memory forcing system (Zhou and Chan 2007; Zhou et al.
2007a, b; Yuan et al. 2008a, b; Gu et al. 2009a, b; Wang
et al. 2012), but the mechanism behind this connection is
very complex. Some previous studies have revealed that the
seasonal relationships of monsoon activities can be modu-
lated by ENSO (Chang et al. 2000; Chen et al. 2000; Wu and
Chan 2005b; Wang et al. 2011; Feng and Chen 2014; Wu
et al. 2014); others have also emphasized the role of local
SST anomalies or IO forcing in capturing the anomalous
signals of the last season (Lau and Nath 2003; Lau et al.
2006; Li et al. 2010; Wang and Wu 2012; Wu et al. 2014);
and some studies have also differentiated the relative role of
local cold SST anomalies in the western Pacific and Indian
Ocean basin mode (IOBM) in maintaining the anomalous
anticyclonic circulation from the El Nifio mature winter to
the decaying summer (Wu et al. 2010).

We want to emphasize two questions here: what are the
relative contributions of ENSO and IO forcings to monsoon

seasonal transitions, and how does the IO modulate the rela-
tionship between the summer and winter monsoons?

4.1 ENSO and 10 forcing

In order to investigate the ocean forcing effect, correlation
analysis is also employed on SST fields, as shown in Fig. 5.
The SST forcing fields represent mainly an evolution of a La
Nifa-like pattern over the East Pacific (EP), which starts in
the preceding summer when the cold SST signal is develop-
ing off the coast of Peru, and ends the following summer.
This La Nifia-like pattern verifies that the ENSO cycle is
vital to the connections between seasonal monsoon activi-
ties. At the same time, evident signals can also be identified
over the I0. During SON (-1), a warm SST signal is located
over the eastern tropical 1O region, and a cold SST signal is
dominant over the western part, signifying a typical nega-
tive IOD pattern (Fig. 5c). However, during the simultane-
ous winter and the following two seasons (Fig. 5d, e), the
10D pattern ends and an IOB cooling pattern dominates the
tropical I0. According to lead-lag correlation maps, forcing
effects from not only the Pacific region but also the IO can
be confirmed. Therefore, these correlation analyses suggest
that strong winter monsoons tend to be concurrent with a La
Nifa-like pattern over the EP; during the previous autumn, a
negative IOD pattern is also evident, and during the ensuing
spring, IOB cooling is dominant.

To further confirm the EP and IO forcing effects and dis-
cuss the potential seasonal connections, composite difference
analysis is used, based on strong (1983, 1988, 1995, 1998,
2003, and 2007) and weak winter monsoon years (1982,
1984, 1991, 1993, 1997, 2002, 2004, 2009). Precipitation
evolution over SC (107.5°E-120°E) is first examined to
revisit the seasonal relationships between the two monsoon
seasons, using GPCP and station data (Fig. 6a, b). A com-
parison of Fig. 6a, b shows that the evolution patterns are
very similar, but the magnitude of the station data is greater.
In the following discussion, the numbers — 1 and 0 have the
same meaning as in the earlier correlation analysis. During
the preceding summer, SC experiences less rainfall, which is
the opposite of the Yangtze River region, and together they
correspond to weak summer monsoon precipitation patterns
according to the correlation distribution in Fig. 2¢c. Similarly,
according to earlier findings, during strong winter monsoon
years, there should be a negative precipitation belt between
20°N and 30°N (Fig. 2a), which is just evident in Fig. 6a, b.
In the ensuing summer, the southern part of SC experiences
more precipitation, contrary to the negative anomalies in the
north, and similar to the strong summer monsoon pattern.
So, from the previous summer to the ensuing summer, an
out-of-phase relationship of weak summer monsoons with
strong winter monsoons, and an in-phase relationship of
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Fig.5 Distribution of cor-
relation coefficients of SST
anomalies in lead-lag seasons
with respect to the time series
of the unified monsoon index

for winter. Dotted areas are sta-

tistically significant at the 95%
confidence level
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Fig.6 Composite difference of precipitation anomalies over
107.5°E-120°E between strong and weak winter monsoon years
based on a GPCP and b station data. Dotted areas are statistically sig-
nificant at the 95% confidence level. ¢ Composite evolution of Nifio
3.4, IOB index, and dipole mode index (DMI), based on the differ-
ence between strong and weak summer monsoon. — 1 indicates the
preceding year of the winter monsoon, O represents the same year

strong winter monsoons with strong summer monsoons can
be clearly seen according to the evolution of precipitation.

During this whole process, EP and IO forcing effects
can be identified in the evolution of the Nifio 3.4, IOB, and
DMI indices (Fig. 6¢). From Nifio 3.4, we can see that the
negative ENSO event, a La Nifia-like event, develops in
the preceding spring and matures in the winter, and then
after its peak stage, it decays quickly. However, in addition
to ENSO forcing, a negative 10D is also evident during
autumn, reflected by the negative DMI value, which might
contribute to the out-of-phase relationship as well. During
the decay stage of ENSO, the IOB cooling process is domi-
nant and can persist even to the ensuing summer according
to the evolution of the IOB index, showing that the IOB
might have a crucial impact on the relationship of monsoon
activities from winter to the ensuing summer.

4.2 Out-of-phase relationship from summer(-1)
to winter(0): ENSO and 10D forcing

In order to reveal how the seasonal connection is modulated
by the EP and IO forcing effects, the composite circulation
difference between strong and weak winter monsoon years
is further investigated.

During the preceding summer, due to the development
of a cold SSTA over the eastern tropical Pacific Ocean
(Fig. 7a), an anomalous Walker circulation develops over
the equatorial Pacific (Fig. 8a), but its ascending branch is
relatively weak and confined to the south of 10°N (Fig. 8f).
SC and the northern SCS are controlled by an anomalous
descending motion, and a local meridional circulation is
formed over the SCS region (Fig. 8f), where the location
of descending motion (Fig. 9a) is consistent with that of a
negative precipitation response (Fig. 7f). In the lower tropo-
sphere, 850 hPa wind fields show that an anticyclonic circu-
lation pattern dominates over SC associated with high sea
surface pressure (Fig. 7f). In the midtroposphere (Fig. 9a),
a positive center of geopotential height is located over SC,
indicating that the subtropical high is enhanced during this
summer, so the monsoon convection is suppressed over this
region (Zhou and Chan 2007).

During the transition autumn, a cooling SST anomaly gets
stronger over the EP (Fig. 7b), and so does the anomalous
Walker circulation (Fig. 8b), whose ascending branch also
gets stronger and extends into higher latitudes (Fig. 8g).
When the IOD pattern matures (Fig. 7b), an anomalous
zonal circulation is also formed over the 10 (Fig. 8b), trig-
gering anomalous westerlies along the equator (Fig. 7g) in
the lower troposphere. And to the north of the west-wind
anomaly, a cyclonic circulation forms, controlling the Bay
of Bengal (BOB) and SCS (Fig. 7g).

During the peak phase of ENSO, the cyclonic circula-
tion over the WNP becomes strongest, and to its northwest
there are northerly wind anomalies that can strengthen the
northeasterly monsoon winds (Fig. 7h). Geopotential height
fields at 500 hPa also show negative responses over the mid-
latitudes of EA, indicating a strong East Asian trough and
strong winter monsoon activity (Fig. 9c). So the winter mon-
soon is strong over SC under the influence of the La Nifia-
like pattern, as expected from earlier findings (e.g., Li 1990).

In the higher troposphere (Fig. 9), starting in SON(— 1),
a pair of cyclones is evident straddling the equator over the
EP, indicating a Gill-type response (Gill 1980) to the cooling
SSTA to its east. And this pattern becomes stronger during
winter. Meanwhile, over the IO, a wedge-shaped circulation
represents a Kelvin wave response produced by the cooling
in the western tropical 10. Also, due to this heating sink,
a wave-like pattern develops from the IO to EA (Fig. 9c¢),
contributing to the anomalous precipitation pattern over
EA (Fig. 7h). These signals also confirm that both ENSO
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«Fig. 7 Composite differences of a—e SST (shading, °C) and sea sur-
face pressure (contours, hPa), f—j 850 hPa winds (vectors) and pre-
cipitation (shading, mm day™!) from the preceding summer to the
ensuing summer (JJA(—1)-JJA(0)) based on strong and weak winter
monsoon years. Dotted areas are statistically significant at the 95%
confidence level. Vectors indicate that 850 hPa winds exceed the 95%
confidence level

and IOD can have important influences on winter monsoon
activity.

4.3 In-phase relationship from winter(0)
to summer(0): ENSO and I0B forcing

As earlier composite evolution results indicate, a strong win-
ter monsoon associated with a mature La Nifia-like pattern
can be expected to be followed by a strong summer mon-
soon. We can also deduce the mechanisms of the ENSO and
IO forcing effect on this seasonal relationship from winter
to the following summer according to the composite differ-
ence during the following two seasons. The cooling SSTA
over the equatorial Pacific decays during the following two
seasons, and starting in the spring, the SST mode over the
10 changes to a whole-basin cooling mode (IOB cooling)
(Fig. 7d, e). According to Xie et al. (2009), the anomalous
SST condition of the tropical IO can act as a capacitor effect
of ENSO and maintain the anomalous signals until the next
summer. The theory is that the cooling tropical IO triggers a
Kelvin wave response and induces southwest winds toward
the WNP, thus causing convergence anomalies there, which
is basically the mechanism of Kelvin wave-induced Ekman
divergence but with an opposite sign (Xie et al. 2009; Wu
et al. 2009). Seasonally, during the transition spring, due to
a cold SSTA over the 10, anomalous descending motion is
evident over the tropical IO (Fig. 8d), and it can induce a
local meridional circulation with ascending motion over the
SCS (Figs. 81, 9d), causing positive precipitation responses
over that region (Fig. 7i). During the following summer, a
positive precipitation response can be seen over the Yangtze
River, and a significant positive response is evident over the
WNP. The anomalous cyclone is still evident over the WNP
in the lower troposphere (Fig. 7j), and in the middle tropo-
sphere, a negative response can be seen (Fig. 9¢), so these
patterns are related to a weak subtropical high, which will
benefit moisture transfer to SC (Zhou and Yu 2005). Under
the control of this anomalous cyclone, monsoon activities
over SC tend to be stronger than normal, so an in-phase
relationship between strong winter monsoons and strong
summer monsoons over SC can be identified.

Similarly, the impacts of ENSO and IOB can be further
identified in the upper troposphere. During the following
spring (Fig. 9d), a Gill-type response is still evident over the
eastern equatorial Pacific. Over the IO, due to the change to
IOB cooling, the heat sink location changes as well, so the

wave train patterns change, and the positive anomaly corre-
sponds to the location of the South Asian High (SAH). This
pattern indicates that the IOB can also influence the inten-
sity of summer monsoon activity via modulating the SAH
(e.g., Zhang and Wu 2001; Huang and Qian 2004). And
the contribution of the forcing of IOB-like warming to the
zonal expansion of the SAH has also been demonstrated by
previous numerical model experiments (Zhou et al. 2009a).

5 Numerical simulations

In order to better demonstrate the mechanisms of how the
anomalous forcing of ENSO, IOD, and IOB influences mon-
soon activities over SC and modulates the seasonal rela-
tionships, a five-layer anomalous dry atmospheric general
circulation model (AGCM) with a horizontal resolution of
T42 is used in this study, which consists of sigma levels
0.1,0.3,0.5, 0.7, and 0.9. Primitive equations are linearized
by a realistic three-dimensional basic state, but nonlinear-
ity is retained in the second-order perturbation terms of the
prediction equations in the model. This model has been
successfully used in many aspects of atmospheric stud-
ies: investigating the effect of the mean state on modulat-
ing anomalous forcing in the tropical Indo-Pacific (Wang
et al. 2003); investigating the initiation of the boreal sum-
mer intraseasonal oscillation over the equatorial western 10
(Jiang and Li 2005); examining the effect of vertical shear
on the summertime synoptic-scale wave train in the western
North Pacific (Li 2006); and identifying the modulation of
the Pacific—Japan teleconnection on synoptic variability over
the East Asia—western Pacific sector (Li et al. 2014). Details
of the model can be found in the above studies.

In this study, we conduct two sets of experiments to simu-
late the coupling influence of IOD and ENSO, and IOB and
ENSO, respectively. In each set of experiments, there are
three runs: one in which both EP and 10O forcing are added
(EP & 10), one in which only IO forcing is added (I0), and
one in which only EP forcing is added (EP). For each run,
the model is linearized by adding the prescribed anomalous
apparent heating patterns associated with EP and IO forcing
on top of the early winter or early summer mean state, and
integrating for 60 days. This produces a stable anomalous
circulation pattern to investigate how the EP and IO influ-
ence monsoon circulation together and separately.

These heating patterns are based on the anomalous com-
posite patterns of ENSO and IOD or IOB in reanalysis data,
which are positive phases, in contrast to the earlier analysis
that discussed mainly the influence of the negative phases
of these modes. Because the peak season of IOD is autumn,
and that of IOB is spring, we first plot the composite anoma-
lous heating during autumn and spring (Fig. 10) to identify
the anomalous heating patterns due to the forcing effects of
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Fig. 10 Composites of SST anomalies (shading) and anomalous
apparent heating (contours) during a—¢ autumn and d—f spring based
on the coupling years of ENSO and IOD/IOB. Dotted areas are sta-

10 and ENSO. During autumn (Fig. 10a—c), we can clearly
see the evolution of the IOD pattern: it starts to establish in
SON, reflected by the dipole of heating and SST patterns
over the 10O, and then reaches its maximum during OND,
and decays during NDJ when the cooling center shrinks
gradually. However, the locations of warming and cooling
centers are consistent during these seasons. For the spring
(Fig. 10d—f), when ENSO and IOB forcing occur together,
the heat source is located over the Indian subcontinent dur-
ing FMA, and then it expands to cover the whole equatorial
10, along with the evolution of IOB SST warming.

So, based on the evolution of anomalous heating patterns,
and the aim of seeking the optimum seasons to investigate
the effects of IO forcing on monsoon activities of the fol-
lowing season (winter or summer), we choose the NDJ and
AMLJ seasonal anomalous heating pattern to represent EP

@ Springer

tistically significant at the 95% confidence level. In ¢ and f, the gray
shading represents heat sources (sinks) employed in the model simu-
lation at the 0.5 sigma level with an interval of 0.2 K day~!

and IO forcing associated with OND and MAM mean sea-
sonal conditions to conduct these two sets of experiments,
and the heating anomalies added in the model are shown in
Fig. 10c, f.

Results of the first set of experiments, investigating the
coupled influence of ENSO and IOD, are shown in Fig. 11.
Comparing the EP&IO experiment with the observation
field, we can see that this model simulates the basic char-
acteristics over the equatorial region quite well, where the
westerly wind anomalies, mainly due to the IOD forcing
effect, and the easterly wind anomalies, mainly due to the
ENSO forcing effect, are very similar to the observations.
Although the performance of this model in the higher lati-
tudes is not as good as in the lower latitudes, it can also
simulate the southerly winds over EA and an anomalous
anticyclone over the WNP, but with a little bias in the
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Fig.11 850 hPa air temperature anomalies (shading; unit: K) and
wind anomalies (vectors; showing only magnitudes>0.04 m s™!) in
response to anomalous heat sources using a linearized AGCM pre-
scribing the OND climatology and simulating IOD and ENSO forc-

ing. Only those anomalous winds with speed over 0.2 m s! are

shown

locations. Meanwhile, the anticyclonic circulation patterns
over the BOB and the Indochina peninsula are well captured
in the experiments but are stronger than the observations.
By separating these two modes, we can see that both the
IOD and ENSO forcing can trigger southerly winds over

EA, which can weaken the northeasterly monsoon winds
over this region. For the EP, the southerly winds are from the
western edge of the anomalous anticyclone over the WNP,
triggered by the descending branch of the anomalous Walker
circulation due to the ENSO forcing. But for the IO, the
southerly winds are directly induced by the heat sink region
of the IOD pattern. At the same time, this also reveals that
the anticyclonic circulations over the BOB and the Indochina
peninsula are mainly a response to IOD forcing.

In the second set of experiments, we choose MAM as the
basic circulation condition, and then add the IOB heat source
pattern and anomalous ENSO heat pattern during AMJ to
simulate the influence of these two modes on the summer
monsoon circulation. The wind patterns over the tropical
region are represented pretty well, as are those in the NDJ
experiments. When only IOB warming is added in the exper-
iment, we can see in Fig. 12c that the heat source induces a
cyclonic pattern over the western 10, right over the location
of the heating anomaly, and at the same time, it can draw the
airflow to form westerly wind anomalies along the equator.
Further, these patterns together can establish an anomalous
anticyclone over the BOB and SCS region, which can influ-
ence the location of the subtropical high during summer,
making it extend westward. Zhou et al. (2009a) also used
numerical simulations to demonstrate that IO SST warm-
ing can increase convective heating in the equatorial 10/
Maritime Continent and lead to westward extension of the
western Pacific subtropical high. Under these circumstances,
the summer monsoon convection would be suppressed over
SC and the SCS. But from Fig. 12d, we can see that with the
modulation of only the ENSO pattern, there is limited influ-
ence over EA, which is consistent with the findings of previ-
ous studies that ENSO alone has hardly any influence on the
summer circulation, because of the ‘spring barrier’ effect.
Through these experiments, we find that mainly IOB warm-
ing has an effect on modulating the following summer cli-
mate, and as we know, IOB has a close coupling relationship
with ENSO, so we can indirectly prove that [OB warming
can act as a capacitor of the ENSO phenomenon, influencing
monsoon activities over the SCS in the following summer
and then enhancing the in-phase relationship between the
weak winter monsoon and weak summer monsoon.

6 Summary and discussion

In this study, we investigate the seasonal relationships
of monsoon activities over SC and discuss the modula-
tion effects of 10 and EP forcing. The primary results are
illustrated schematically in Fig. 13. The unified monsoon
index can well represent monsoon characteristics not only
in winter but also in summer over SC. The time series of
the unified monsoon index in summer and winter, and the
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Fig. 12 Same as Fig. 11 but simulating IOB and ENSO forcing

correlation analysis of the unified monsoon index, found that
from summer to winter, monsoon activities tend to have an
out-of-phase relationship, while from winter to summer,
they tend to be in-phase. These seasonal relationships can
provide further information about variation in monsoon
activities and thus improve the seasonal prediction of mon-
soon activities over SC.

Lead-lag correlation maps between the winter monsoon
index and the SST forcing field reveal the important roles
of ENSO events and IOD and IOB forcing effects in the
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seasonal connection of monsoon activities. The composite
difference between strong and weak winter monsoons further
confirms these seasonal linkages and reveals the modulating
effects of ENSO, IOD, and IOB forcing. It is found that there
is a tendency for a strong winter monsoon to be preceded
by a weak summer monsoon, but followed by a strong sum-
mer monsoon over SC. A developing La Nifia-like pattern
over the EP during summer can enhance the Walker circula-
tion, and then the above-normal ascending motion over the
Maritime Continent can trigger an anomalous local meridi-
onal circulation, where the descending branch controlling
SC suppresses the summer monsoon convection and weak-
ens its activity. During winter, a strong winter monsoon is
concurrent with the peak stage of the La Nifia-like pattern,
and under its modulation, through the strengthened Walker
circulation, an anomalous cyclone can dominate the Philip-
pine Sea and induce northerly winds on its western edge,
strengthening the winter monsoon winds. During the fol-
lowing summer, this La Nifia-like pattern decays quickly. A
negative IOD is evident during the autumn and strengthens
the Walker circulation over the IO, enhancing the ascending
motion over the Maritime Continent and the intensity of the
anomalous cyclone over the Philippine Sea. IOB cooling can
capture the ENSO effect and strengthen monsoon activity
during the ensuing summer by maintaining the anomalous
cyclone over the WNP by the opposite mechanism of Kelvin
wave-induced divergence (Xie et al. 2009).

The modulation effects of EP and 10O forcing on monsoon
activities in winter and summer can be verified by numerical
simulations prescribing ENSO-like, IOD-like, and IOB-like
heating patterns. The simulation results indicate that a posi-
tive ENSO event can weaken the winter monsoon winds but
can hardly influence the following summer monsoon activ-
ity. However, it is found that the IOD can also weaken the
winter monsoon winds during NDJ, and mainly the IOB
contributes to the following weakened summer monsoon
activity. Combined with earlier findings that summer mon-
soons tend to be stronger in the developing stage of positive
ENSO events, the simulations also suggest that the IOD can
enhance the out-of-phase relationship by further weakening
the winter monsoon winds over EA, and the IOB can also
enhance the in-phase relationship from winter to summer by
weakening the following summer monsoon.

According to the seasonal relationships revealed by the
unified monsoon index (Fig. 1c), the in-phase relationship
from winter to summer may not be significant when there
are 19 out 36 years following this relationship, only exceed-
ing 1 year above the half. The reason for this may be that
ENSO plays an important role in forcing with asymmetric
patterns between positive and negative events. The seasonal
relationship between winter monsoons and the ensuing
summer monsoons was revisited under different phases of
ENSO forcing (Table 1). According to Table 1, an in-phase
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Fig. 13 Schematic illustration
of seasonal relationships of

Out-of-phase

In-phase

monsoon activities over South
China, and the timing of ENSO
and IO forcing effects

Summer
monsoons
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10D
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Summer
monsoons

Winter
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)

G S

[0]:]
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ENSO
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Table 1 Seasonal relationship from winter to summer and its prob-
ability under the influence of positive and negative ENSO events

From winter to summer In-phase Out-of-phase
ENSO phase Num.  Probability Num.  Probability
of of
years years
ENSO+ 8 0.8 2 0.2
ENSO- 5 0.417 7 0.583

relationship is much more dominant under the influence of
positive ENSO events, with an occurrence probability of
0.8, while there is nearly no significant tendency for a sea-
sonal phase relation under the influence of negative events.
Besides the forcing modes discussed in this study, other pos-
sible contributions may also be important to the seasonal
relationships of monsoon activities. Further work is needed
to compare the different underlying mechanisms behind the
in-phase and out-of-phase relationships of winter and sum-
mer monsoons.

On the other hand, in the composite maps (Figs. 7, 8, 9),
the signals during the ensuing summer (JJA(0)) are also less
significant than in other seasons. In order to further verify
the roles of these three modes in the seasonal linkage from
winter to the ensuing summer, partial correlation is also

winter, lasts to early spring

conducted in this study using the indices in peak seasons of
each forcing mode correlated with precipitation in the ensu-
ing summer, with results shown in Fig. 14. Compared with
the correlation between indices and precipitation individu-
ally, the partial correlation patterns are quite similar to those
in the correlation map, only with changes in magnitude. It
is found that the contribution of ENSO to summer monsoon
precipitation is less significant than the contribution of 10
forcing in the partial correlation map, which proves that IO
forcing is independent from ENSO to some extent. Yang
et al. (2015) also illustrated that internal variability has the
leading effect in modulating the IOD mode, compared to
ENSO forcing. And IOB is also an internal mode contrib-
uted by inter-basin ocean—atmosphere feedback, as indicated
by the NOENSO model simulation results from Kosaka et al.
(2013). Meanwhile, the IOD influences mainly the precipi-
tation over the Yangtze River and central China. And the
IOB can significantly undermine the precipitation over the
SCS and North China, but benefit the precipitation over
eastern coastal China and southwestern China. Therefore,
we can confirm that the IO influences the intensity of the
monsoon in the following summer. But the questions of why
IOD impacts show a basically opposite pattern from those of
IOB over most of China, and of what their different roles are
in modulating the relationship of monsoon activities from
winter to summer need further investigation.
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Fig. 14 a—c Correlations and d—f partial correlations of JJA(0) precipitation with (upper) DJF Nifio 3.4, (middle) SON DMI, and (bottom) AMJ IOB index
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