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ABSTRACT

The phase relationships of the western North Pacific (WNP) summer monsoon (WNPM) with the Aus-
tralian monsoon (AM) and Indian monsoon (IM) are investigated using observational rainfall, SST, and
NCEP reanalysis data for the period of 1979-2005. It is found that a strong WNPM often follows a strong AM
but leads a weak AM, and a significant simultaneous negative correlation appears between WNPM and IM.
The in-phase relationship from AM to the succeeding WNPM occurs often during the El Nifio decaying
phase when the warm eastern Pacific SST anomaly (SSTA) weakens AM through anomalous Walker cir-
culation and the persistence of an anomalous WNP anticyclone from the boreal winter to summer leads to
a weak WNPM. The out-of-phase relation from WNPM to the succeeding AM occurs either during the
El Nifio early onset year when the warm SSTA in June-August (JJA) is strong enough to force a low-level
cyclonic flow anomaly in WNP and in December—February (DJF) the same warm SSTA forces a weak AM,
or during the El Nifo decaying phase when the persistence of the WNP anomalous anticyclone causes a weak
WNPM and the transition of a warm to a cold episode causes a strong AM in DJF. The simultaneous negative
correlation between WNPM and IM often appears either during the El Nifio early onset years when the warm
eastern Pacific SSTA induces the cyclonic wind shear that strengthens WNPM but suppresses convection
over India, or during the El Niflo decaying summer when a weak WNPM results from the persistence of the
local anomalous anticyclone and a strong IM results from the El Nifo-to-La Nifia transition or a basin-wide
Indian Ocean warming.

1. Introduction
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The tropical monsoon system in the Indo-Pacific warm

pool region consists of three submonsoon components:
the Indian monsoon (IM), the western North Pacific
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monsoon (WNPM), and the Australian monsoon (AM).
Observations show that there is an in-phase relation be-
tween IM and the subsequent AM (Meehl 1987; Chang
and Li 2000; Hung et al. 2004; Zhang and Li 2008). A
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strong (weak) AM often follows a strong (weak) IM a
half year later. By analyzing observed precipitation data
for the period of 1901-71, Gregory (1991) noted that the
AM rainfall amount has a close relationship with the
preceding IM rainfall, but it has no significant correlation
with the succeeding IM rainfall. Thus, there is an asym-
metric relationship between the two submonsoon sys-
tems, and a forecast barrier appears in boreal spring prior
to the onset of the Indian summer monsoon. Matsumoto
(1992) showed that the advances and retreats of the
Indian and Australian monsoons are closely related.
Four possible mechanisms have been proposed to ex-
plain the in-phase relationship between the IM and AM
rainfall anomalies: 1) southeastward propagation of sea-
sonal convective maximum (Meehl 1987), 2) IM convec-
tive heating—western Pacific SST teleconnection (Chang
and Li 2000), 3) ENSO remote forcing mechanism (Hung
et al. 2004), and 4) Indian Ocean SSTA propagation
(Zhang and Li 2008). Meehl (1987) noted that convec-
tion anomalies associated with tropospheric biennial os-
cillation (TBO) move southeastward from India during
boreal summer to northern Australia during boreal win-
ter as the annual cycle of the seasonal convective maxi-
mum also proceeds southeastward from the Northern
Hemisphere (NH) summer to the Southern Hemisphere
(SH) summer. Chang and Li (2000) suggested that a strong
Indian summer monsoon may intensify a planetary-
scale east—west circulation leading to anomalous east-
erlies over the western Pacific and Maritime Continent,
which reduce surface evaporation and leads to a warm
SST anomaly (SSTA). The local warm SSTA persisting
from northern fall to the subsequent winter leads to a
stronger AM. Hung et al. (2004) argued that the in-
phase relation is simply the response of IM and AM to
the remote El Nifio forcing through anomalous Walker
circulation as the eastern Pacific SSTA persists from
its developing summer to its mature winter. The re-
versed relationship from AM to the subsequent IM is
unclear because the effect of the eastern Pacific SSTA
diminishes during the ENSO decaying summer. Zhang
and Li (2008) noted that 60% of the IM-AM in-phase
cases are related to ENSO events, while the others are not.
A further analysis reveals that a major feature in the non-
ENSO composite is the eastward propagation of SSTA
in the tropical IO from northern summer to winter that
connects the Indian and Australian monsoons. Fasullo
(2004) suggested the role of ENSO in the biennial vari-
ability of the Indian monsoon. Wu and Kirtman (2007a,b)
proposed that the biennial transition of the IM may result
from air—sea interactions in the northern Indian Ocean
and that air-sea coupling in the Indian Ocean plays a role
in maintaining the negative AM-ENSO relationship.
The monsoon-ENSO relation has experiences a marked
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interdecadal variation (Kumar et al. 1999; Krishnamurthy
and Goswami 2000; Chang et al. 2001).

While many previous studies focused on the IM and
AM phase relation, little work has been done on the
phase relationships of WNPM with IM and AM. The
precipitation anomaly in the WNPM region exhibits a
remarkable quasi-biennial variability, which may result
from either a remote ENSO forcing or warm pool ocean—
atmosphere interactions (Li et al. 2006). The objective of
this research is to reveal the WNPM phase relations with
other submonsoon systems and to understand the pos-
sible causes of the phase relationships. Specific questions
to be addressed include: What are lagged phase relations
between WNPM and AM, and what are physical pro-
cesses that connect the two submonsoon systems if sig-
nificant lagged correlations do exist between them?
What is the simultaneous relationship between WNPM
and IM and why? Understanding these questions will no
doubt help improve the monsoon seasonal prediction.

The rest of this paper is organized as follows. In sec-
tion 2, the datasets and methods used in this study are
described. In section 3, we examine the observed phase
relationships among the three submonsoon systems by
introducing the monsoon intensity indices for each of
the submonsoon systems. In section 4, we examine the
evolution characteristics of precipitation and circulation
patterns. In section 5, we provide a physical interpreta-
tion for each type of in-phase and out-of-phase rela-
tionships. Finally, a summary is given in section 6.

2. Data and methods

The primary data used in this study are the National
Centers for Environmental Prediction (NCEP) Depart-
ment of Energy (DOE) Atmospheric Model Intercom-
parison Project (AMIP-II) reanalysis (R-2) products from
1979 to 2005 (Kanamitsu et al. 2002). These monthly
data have a horizontal resolution of 2.5° latitude by 2.5°
longitude and 12 pressure levels vertically. The monthly
mean rainfall fields are from the Climate Prediction Cen-
ter (CPC) Merged Analysis of Precipitation data (CMAP;
Xie and Arkin 1997) and the monthly mean SST fields
are from the National Oceanic and Atmospheric Ad-
ministration (NOAA) Extended Reconstructed SST V2
(see online at ftp://ftp.ncdc.noaa.gov/pub/data/ersst-v2/;
Smith and Reynolds 2004) for the period of 1979-2005.
To validate the data above, additional datasets such as
Global Precipitation Climatology Project (GPCP) monthly
precipitation data (see online at http://precip.gsfc.nasa.
gov/; Adler et al. 2003), the Japanese 25-yr Reanalysis
Project (JRA-25) data (Onogi et al. 2007), the precipi-
tation reconstruction dataset (PREC; see online at ftp://
ftp.cpc.ncep.noaa.gov/precip/50yr/land_ocean/format_bin/;
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Chen et al. 2004), and the NCEP-National Center for
Atmospheric Research (NCAR) reanalysis products
(Kalnay et al. 1996) are used.

The Nino-3.4 index is obtained online (see http://www.
cdc.noaa.gov/ClimatelIndices/List/). The El Nifio and
La Nina episodes are defined based on the CPC criterion
when the threshold of =—0.5°C is met for a minimum
of five consecutive overlapping seasons (see online at
http://www.cpc.noaa.gov/products/analysis_monitoring/
ensostuff/ensoyears.shtml). The early onset of El Nifio—
La Nifa events refers to the amplitude of the seasonal
mean Nifo-3.4 SSTA exceeding 0.5°C prior to June-
August (JJA). The La Nina persistence event refers to
the cold episode that persists from the previous mature
winter to the subsequent winter.

The analysis methods used in this study include corre-
lation, regression, and composite analyses. A Student’s
t test is used to measure the statistical significance of
correlations. The significance level for the composite fields
is assessed using the Monte Carlo techniques based on
Livezey and Chen (1983) and Wolter et al. (1999). Dif-
ferent from many previous studies that made composites
based on El Nino and La Nina conditions, here we com-
pose based on the monsoon intensity first, and then for
each monsoon phase relation we further group the events
based on various ENSO phases. The definitions of the
monsoon intensity and the ENSO phase are defined in
the next section.

3. Observed phase relations among the three
submonsoon systems

a. Definition of the WNPM, IM, and AM intensity

Conventionally, the monsoon intensity is defined by
the average of rainfall or circulation (including wind or
vorticity) over a particular region where both the mean
and variability are great. Figure 1 shows the mean and
standard deviation of precipitation and vorticity fields in
boreal winter and summer, respectively, based on NCEP
R-2 and the CMAP dataset. During boreal winter, max-
imum mean precipitation occurs near and south of the
equatorial oceans and over the Maritime Continent and
northern Australia. The large standard deviation centers
appear over the South China Sea (SCS), east of Philip-
pines, WNP, and northeast Australia. During boreal
summer, maximum seasonal mean rainfall centers move
to the Northern Hemisphere, and are located at the
southwest of India, Bay of Bengal (BOB), SCS, and
tropical WNP. The regions of large standard deviation
are in generally collocated with the maximum mean
precipitation regions. The characteristics of the relative
vorticity field at 850 hPa are similar to those in the rainfall
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field, with large mean and standard deviation of rela-
tive vorticity over the northern Australia during boreal
winter and over India/BOB, SCS, and WNP during bo-
real summer. Thus, the regions of the Indian monsoon,
WNP monsoon, and Australia monsoon are character-
ized by maximum mean and standard deviation in both
the rainfall and vorticity fields in their local summer.

In the following we define the monsoon intensity index
for each submonsoon region according to the distribu-
tion characteristics of the mean and standard deviation
in precipitation and 850-hPa relative vorticity fields. The
intensity of WNPM is defined as the relative vorticity
value averaged over the region of 10-20°N, 110°-140°E
during June—August, whereas the intensity of IM is de-
fined as the mean rainfall averaged over 5°-20°N, 70°—
90°E during June—-August and the intensity of AM is
defined as the mean rainfall averaged over 20°-5°S,
130°-160°E during December—February (DJF). Figure 2
illustrates the time series of the three monsoon intensity
indices.

The circulation index in WNP well represents the
WNPM rainfall variability. In fact, the correlation co-
efficient between the WNPM circulation and rainfall in-
dices is 0.64, exceeding the 99 % significant level. Figure 3
shows the simultaneous precipitation correlation pat-
terns and 850-hPa wind regression patterns in associa-
tion with the WNPM, AM, and IM indices, respectively.
They are all significantly positively correlated with local
precipitation and low-level cyclonic vorticity anomalies.
Besides representing the local precipitation and low-
level cyclonic flow, the WNPM circulation index also
has a significant negative correlation with rainfall over
northern Indian Ocean.

b. Phase relations among WNPM, IM, and AM

Table 1 shows the correlations among the time series
of the WNPM, AM, and IM intensity indices from 1979
to2005. The correlation coefficient between WNPM and
the preceding AM is 0.37, passing the 90% significance
level. This implies that a strong (weak) AM might be
associated with a succeeding strong (weak) WNPM. This
in-phase relation appears in 19 out of the total 27 years.
Table 2 lists specific years for the in-phase relationship.
For easy comparison, in the table we also list the corre-
sponding winter (DJF) Nifo-3.4 index. In the following
composite analysis, only cases in which both the monsoon
intensity indices exceed 0.4 standard deviation are con-
sidered and named as strong events. (A sensitivity test
with a 0.5 standard deviation threshold shows similar
composite results.) Note that the eastern Pacific SSTA is
all positive (negative) for the negative (positive) strong
in-phase events, implying that ENSO is a major control-
ling factor for the AM—WNPM in-phase relationship.
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FIG. 1. Mean (contour) and standard deviation (shaded) of (top) rainfall (unit: mm day ') and (bottom) relative vorticity at 850 hPa
(107° s~ ') during (left) boreal winter and (right) summer, based on NCEP R-2 and CMAP dataset. The black boxes denote the three
submonsoon domains, respectively. For the mean precipitation, only contour lines that are =6 mm day ' are plotted. For the mean
vorticity, only contour lines with positive (negative) values in JJA (DJF) are plotted.

The correlation coefficient between WNPM and the
succeeding AM is —0.41, exceeding the 95 % significance
level. This points out an out-of-phase relation between
the two submonsoon systems, that is, a strong (weak)
WNPM often leads a weak (strong) AM. A further ex-
amination shows that about %3 of all events reflect the
out-of-phase relationship. Table 3 shows the cases for the
out-of-phase relationship between WNPM and the suc-
ceeding AM, along with the corresponding JJA Nifo-3.4
index. Again, only those cases in which the standard de-
viation of both the monsoon intensity indices exceeds 0.4
are selected for the composite analysis.

The most significant correlation appears in the si-
multaneous correlation between WNPM and IM, which
is —0.64, passing the 99% significance level. This simul-
taneous out-of-phase relation appears in 17 summers
during 1979-2005. Table 4 lists all out-of-phase monsoon

(between WNPM and IM) events and the corresponding
summer Nifio-3.4 index.

As seen from Table 1, compared with the correlations
between the WNPM and AM-IM, the correlation co-
efficients between IM and AM are relatively weak. The
sensitivity of the relationships to different datasets will
be discussed in section 5. In this study we focus on the
phase relationships of WNPM with the preceding and
succeeding AM and the simultaneous IM.

Toillustrate the precipitation and circulation patterns
associated with the in-phase and out-of-phase WNPM-
AM relationships, we show the lagged correlation and
regression patterns 6 months after WNPM and 6 months
after AM in Fig. 4. Note that the WNPM is significantly
negatively correlated with the precipitation a half year
later over the Maritime Continent. Six months after a
strong AM, positive rainfall and cyclonic flow anomalies
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FIG. 2. Time evolution of Australian (thick solid line), Indian (dashed line), and western North

Pacific (thin solid line) (x10~® s~ ') summer monsoon intensity indices for 1979-2005 (mm day ').
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appear over WNP, confirming the in-phase relation be-
tween AM and the subsequent WNPM.

The significant simultaneous negative correlation be-
tween WNPM and IM can be inferred from the top and
bottom panels of Fig. 3. When the WNPM is strength-
ened, India is controlled by an anomalous ridge and
deficient rainfall anomalies that extend from the Mari-
time Continent northwestward. When the IM is strength-
ened, an anomalous anticyclone and negative rainfall
anomalies appear over the WNP-SCS region.

4. Circulation patterns associated with the in-phase
and out-of-phase monsoon relations

The observational data analysis above points out a
6-month lead-lag relation between WNPM and AM. As
the anomalous rainfall and wind signals in the atmo-
sphere alone cannot hold such a long memory, the phase
relationships between WNPM and the AM six months
later requires a physical explanation.

As described in the introduction section, both the
remote ENSO impact and local air-sea interactions
may play a role in connecting the submonsoon systems.
To examine the possible ENSO effect, we first calculate
the lagged correlation coefficient between the seasonal
mean Nino-3.4 index and the WNPM, AM, and IM in-
dices (Fig. 5). Note that the simultaneous correlation
coefficient between DJF Nino-3.4 index and the AM
index is —0.63, exceeding the 99% significance level.
Within the 27-yr period (1979-2005), there are 22 boreal
winters during which the AM rainfall anomaly is oppo-
site to the Nifio-3.4 SSTA. This demonstrates that the
ENSO has a strong impact on the Australian summer
monsoon. The lagged correlation between DJF Nifio-3.4
index and WNPM in the subsequent summer is —0.45,
exceeding the 98% significance level. The simulta-
neous correlation of WNPM with the JJA Nifo-3.4 index
is also significant. On the other hand, the simultaneous

correlation of IM with the JJA Nino-3.4 index is —0.31,
hardly passing the 90% significance level.

In the following we first describe the observed cir-
culation and SST changes associated with the monsoon
in-phase and out-of-phase relationships. Then in the sub-
sequent section we will further discuss possible mech-
anisms responsible for the three intermonsoon phase
relationships, all of which involve WNPM.

a. In-phase relation between AM and the
succeeding WNPM

To illustrate specific processes that maintain the in-
phase relation between AM and the succeeding WNPM,
we conduct a composite analysis. Because the strong and
weak in-phase composites are approximately mirror im-
ages, we show only the difference maps. Figure 6 shows
the evolution from boreal winter to the subsequent sum-
mer of difference fields of SST, 850-hPa wind, and pre-
cipitation between strong and weak monsoon in-phase
events. Please note that the AM—WNPM in-phase re-
lation is clearly associated with the El Nifio decaying
phase.

During the El Nifio mature winter, the ascending branch
of the anomalous Walker cell is located over the equa-
torial central Pacific, while a descending branch appears
over the Maritime Continent and northern Australia.
Anomalous easterlies and anticyclonic circulation con-
trol the northwest of Australia, which reduce moisture
transport into the AM region. As a result, the Australian
summer monsoon is weakened. Meanwhile, an anoma-
lous anticyclone appears in WNP. This anomalous an-
ticyclone is maintained from boreal winter to summer.
Wang et al. (2003) suggested that the maintenance of
the anticyclone anomaly is primarily through a positive
feedback between the anticyclone and underlying cold
SSTA in the presence of the mean northeasterly from
boreal winter to late spring. The amplitude of the com-
posite cold SSTA in WNP exceeds —0.6°C in March-May
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TABLE 1. Lagged correlation coefficients among WNPM, IM, and AM for 1979-2005 using NCEP-DOE and CMAP. The 90% (95%)
significance level corresponds to a correlation coefficient of 0.32 (0.38). The boldface indicates a correlation exceeding the 90% signifi-
cance level. The number of events indicates the number of years during which the relationship between two monsoons is consistent with

the correlation coefficient.

From India JTA(0) Australia DJF(0) SCS-WNP JJA(0) Australia DJF(0) SCS-WNP JJA(0)
To Australia DJF(1) India JJA(0) Australia DJF(1) SCS-WNP JJA(0) India JJA(0)
Correlation coef 0.29 —0.28 —-0.41 0.37 —0.64
No. of events 17 17 17 19 17

(MAM). This large local cold SSTA prior to the monsoon
onset may have a great impact on the subsequent WNPM
(Wu et al. 2010).

The composite analysis above suggests that the re-
mote El Nifio forcing and the maintenance of the WNP
anticyclone from the El Nifio mature winter to the sub-
sequent summer hold a key for connecting the preceding
AM to the succeeding WNPM.

b. Out-of-phase relation between WNPM and the
succeeding AM

Based on the circulation and SST evolution features,
the out-of-phase WNP-AM cases may be divided into
two groups. Group 1 consists of cases of El Nino early
onset (such as in 1982, 1986, 2002, and 2004) and La Nina
persistence (1996). Figure 7 illustrates the composite
(El Nifio minus La Nifia) precipitation, SST, and 850-hPa
wind anomaly fields from boreal summer to the fol-
lowing winter for this scenario. Note that the amplitude
of the composite SSTA difference in the eastern Pacific
is quite large, exceeding 1.0°C in JJA. This is consistent
with the enhanced convection in the composite map in
the central equatorial Pacific. The atmospheric re-
sponse to the equatorial heating causes low-level cy-
clonic shear anomalies over WNP (Gill 1980), which
may further strengthen WNPM through the boundary
layer convergence.

As the equatorial Pacific SSTA matures toward the
boreal winter, it weakens the Australian summer mon-
soon through the anomalous Walker circulation. Thus, it
is the same sign of the remote eastern Pacific SSTA forc-
ing that determines the out-of-phase monsoon transi-
tion from a strong (weak) WNPM in boreal summer to
a weak (strong) AM in boreal winter.

Group 2 consists of cases of El Nifio decaying—
La Nina developing (1983 and 1998) and La Nifia decaying—
El Nifio Modoki (e.g., Ashok et al. 2007) developing
(2001). Figure 8 illustrates the composite rainfall, SST,
and 850-hPa wind evolution patterns in this scenario. As
the WNPM intensity is greatly affected by El Nifio—
La Nina in the preceding winter (Wu et al. 2010), we plot
the evolution from the ENSO mature winter to the suc-
ceeding winter. During the El Nifio (La Nifia) peak win-
ter, an anomalous low-level anticyclone (cyclone) develops

over WNP. This anomalous anticyclone (cyclone) is
maintained from DJF to JJA, leading to a weak (strong)
WNPM.

During the ENSO decaying summer, the SST anom-
alies in the eastern equatorial Pacific diminish. Thus, this
group differs from the previous one in that the strength
of WNPM is not determined by the simultaneous SSTA
but controlled by the SSTA in the preceding winter. The
decay of a strong El Nifio is often accompanied with
the onset of La Nifia. As the cold SSTA develops in the
equatorial Pacific toward boreal winter, an anomalous
Walker cell leads to abnormal ascending motion over
the Maritime Continent and northern Australia, leading
to a strong Australian summer monsoon.

Therefore, the connection of the WNPM and AM
phases in the second scenario is attributed to the per-
sistence of the WNP anomalous anticyclone (cyclone)
and the phase transition of the eastern Pacific SSTA
from a warm (cold) to a cold (warm) episode.

c. Simultaneous negative correlation between
WNPM and IM

The examination of the circulation and SST patterns
associated with the WNPM-IM negative correlation
events reveals that the causes of the negative simultaneous
correlation may be categorized into the two groups. The

TABLE 2. Cases of the all in-phase relation between AM and the
succeeding WNPM. Boldface indicates that the normalized values
of both the monsoon intensity indices exceed 0.4. The right column
lists the corresponding Nifo-3.4 index in DJF (simultaneous with
the AM season).

Positive AM, Nifio-3.4 index, Negative AM Nifio-3.4 index

and positive WNPM and negative WNPM
1979 (—0.1) 1983 (2.3)
1981 (—0.3) 1988 (0.8)
1982 (0) 1992 (1.8)
1984 (—0.5) 1995 (1.2)
1985 (—1.0) 1996 (—0.8)
1986 (—0.4) 1998 (2.4)
1991 (0.5) 2003 (1.1)
1997 (—0.4) 2005 (0.6)
2000 (—1.6)
2001 (—0.7)
2004 (0.4)
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TABLE 3. Cases of the out-of-phase relation between WNPM
and the succeeding AM. Boldface indicates that the normalized
values of both the monsoon intensity indices exceed 0.4. The right
column lists the corresponding Nifio-3.4 index in JJA (simulta-
neous with the WNPM season).
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TABLE 4. Cases of the out-of-phase relation between WNPM
and IM. Boldface indicates that the normalized values of both the
monsoon intensity indices exceed 0.4. The right column lists the
corresponding Nino-3.4 index in JJA (simultaneous with the mon-
soon season).

Positive WNPM, Nino-3.4
index, and negative AM

Negative WNPM, Nifio-3.4
index, and positive AM

Positive WNPM, Nino-3.4
index, and negative IM

Negative WNPM, Nifio-3.4
index, and positive IM

1979 (0.0) 1983 (0.2)
1982 (0.8) 1988 (—1.2)
1986 (0.2) 1992 (0.4)
1987 (1.5) 1996 (—0.1)
1991 (0.9) 1998 (—0.8)
1994 (0.6) 1999 (—0.9)
1997 (1.7) 2003 (0.3)
2001 (0.2)

2002 (0.9)

2004 (0.7)

first group consists of either the El Nifo early onset
(1982, 1990, 2002, and 2004) or La Nina persistence
(1996) cases. Figure 9 shows the composite (El Nifno
events of 1982, 1990, 2002, and 2004 minus the 1996
La Nifia event) SST, precipitation, and 850-hPa wind fields
for this scenario. Because of the El Nifio earlier onset or
La Nina persistence, the eastern Pacific SSTA in JJA has
attained a certain magnitude. As seen from Fig. 9, the
maximum composite SSTA difference in the equatorial
central-eastern Pacific exceeds 0.6°C. This SSTA, through
the equatorial anomalous heating, may induce low-level
cyclonic shear anomalies in WNP and subsidence anom-
alies over the Maritime Continent. The former strengthens
WNPM through boundary layer moisture convergences,
while the latter suppresses IM through the Rossby wave
response to the suppressed convection over the Mari-
time Continent (Wang et al. 2003). As seen from Fig. 9,
the maximum positive rainfall anomaly is located around
150°E-180°, while the maximum negative rainfall anom-
aly appears over the Maritime Continent and tilts north-
westward toward the India subcontinent.

The composite maps above imply that the major fac-
tor that causes the out-of-phase WNPM-IM relation is
the remote eastern Pacific SSTA forcing in JJA. A key
ingredient to connect the remote SSTA forcing to the
simultaneous WNP and Indian summer monsoons is
through twin atmospheric Rossby wave responses to the
positive and negative heating anomalies in the equato-
rial central Pacific and the Maritime Continent, respec-
tively. It is noted that the SSTA amplitude and pattern
in the aforementioned cases are remarkably different.
While El Nifio in 1982 is a typical strong episode, El Nifios
in 1990, 2002, and 2004 are characterized by a modest
warming in the central Pacific. The central Pacific warm-
ing episodes are named as El Nifio Modoki (Ashok et al.
2007) or the warm pool El Nifo. The cold episode in

1979 (0.0) 1983 (0.2)
1982 (0.8) 1988 (—1.2)
1984 (—0.3) 1989 (—0.3)
1986 (0.2) 1992 (0.4)
1987 (1.5) 1995 (0.0)
1990 (0.3) 1996 (—0.1)
2001 (0.2) 1998 (—0.8)
2002 (0.9) 2003 (0.3)
2004 (0.7)

1996 persists throughout the year. Although the cold
SSTA center (~—0.9°C) appeared in the far eastern
equatorial Pacific in JJA, the anomalous equatorial east-
erly and off-equatorial anticyclonic shear associated with
the cold SSTA forcing may reach far to the Indo-western
Pacific warm pool.

The second group consists of the El Nifio decaying—
La Nina developing (such as in 1983, 1988, 1995, and
1998) and the La Nina decaying-El Nifo developing
(1986) cases. Figure 10 illustrates the composite (El Nifio
decaying minus La Nifia decaying) events from the pre-
ceding ENSO mature winter to the following summer.
During the El Nifio mature winter, an anomalous low-
level anticyclone develops over WNP. It is maintained
from DJF to JJA and leads to a weak WNP summer
monsoon. For the La Nifia early onset cases (1988, 1995,
and 1998), the anticyclone can be further enhanced by
the cold SSTA in the eastern Pacific in JJA, through
adirect Gill-type response. The cold SSTA may enhance
the convection in the Maritime Continent, leading to
a strong IM. Another process that influences the IM
is through the Indian Ocean SSTA. A basin-wide Indian
Ocean warming (cooling) often occurs after a peak
ElNifo (La Nina) (e.g., 1983, 1988, 1995, 1998, and 1986).
As seen from Fig. 10, the maximum SSTA in the tropical
10 reaches to 0.6°C. The warm Indian Ocean SSTA may
increase the local surface moisture and thus enhance
moisture transport into India, leading a strong Indian
summer monsoon (Chang and Li 2000; Li and Zhang
2002). Meanwhile, the basin-wide warming may also exert
a remote impact on the WNPM through the Kelvin wave—
induced anticyclonic zonal wind shear (Wu et al. 2009).
This favors an out-of-phase IM-WNPM relationship.

The circulation and SST evolution patterns in 1986 are
in general opposite to those shown in Fig. 10. While a
strong WNPM is primarily associated with the per-
sistence of an anomalous cyclone in WNP during the
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FIG. 4. Asin Fig. 3, but for six-month lagged patterns association with the (top) WNP and (bottom) Australian monsoon intensity indices.
The areas exceeding the 90% and 95% significant level are shaded.

La Nifa decaying phase, a weak IM is attributed to both
the basin-wide negative Indian Ocean SSTA (prior to
the monsoon season) and the development of an El Nifio
in summer 1986.

5. Discussion

Our analysis strategy based on the submonsoon phase
relationship is different from the conventional ENSO
composite methodology, as the focus of this study is
on the phase relations between WNPM and other sub-
monsoon systems. As various processes may contribute
to each of the monsoon in-phase and out-of-phase re-
lationship, we further examine the circulation and SST
evolution characteristics to find the common features
and similar physical mechanisms that control these
relationships.

Based on the observed associations aforementioned, we
propose the possible schematic diagrams illustrating the
essential physical processes that may contribute to each of
the submonsoon phase relations. The in-phase relation-
ship from AM to the succeeding WNPM occurs primarily
during the ENSO decaying phase (Fig. 11). On the one
hand, the warm SSTA in the eastern Pacific induces a re-
versed anomalous Walker cell and causes a weak AM
during the El Nifio mature winter. On the other hand, an
anomalous anticyclone is induced in WNP through either
the Pacific-East Asia teleconnection (Wang et al. 2000;
Wang and Zhang 2002) or the eastward propagation of
a low-level anticyclone anomaly in the tropical Indian
Ocean (Chen et al. 2007). The WNP anomalous anticy-
clone is maintained through a positive local thermody-
namic air-sea feedback between the anticyclone and a
cold SSTA (Wang et al. 2003) from the boreal winter to
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late spring in the presence of the mean northeasterly. The
local cold SSTA leads to a weak WNPM in boreal summer.

The out-of-phase relation from WNPM to the suc-
ceeding AM includes two different scenarios (Fig. 12).
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Scenario 1 describes the El Nifio early onset or the
La Nifia persistence events. Scenario 2 consists of El Nifio
decaying-La Nifia developing or La Nifia decaying—
El Nifio Modoki developing events. For the first sce-
nario, the remote forcing of the eastern Pacific SSTA
holds a key (Fig. 12a). For example, a warm SSTA forces
a Rossby wave response and low-level cyclonic shear
over WNP (Gill 1980), which further enhances WNPM
through the Ekman pumping-induced boundary layer
convergence. As the SSTA continues to develop toward
the boreal winter, the same sign of the SSTA weakens
the AM through the anomalous Walker circulation in
boreal winter. For the second scenario, the persistence
of an anomalous anticyclone during the El Nifio de-
caying phase holds a key in inducing a weak WNPM.
As the decay of an El Nifio is often accompanied by
the onset of La Nifia in the late year, the cold SSTA in
the eastern Pacific may enhance AM in boreal winter
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to bottom) DJF to JJA. The composite is based on the normalized monsoon intensity indices that exceed 0.4 standard deviation. A Monte

Carlo significance test is applied.
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FIG. 7. As in Fig. 6, but for the mean of 1982, 1986, 2002, and 2004 minus 1996 from (top to bottom) JJA(0) to DJF(1).

through anomalous Walker circulation. Thus, the con-
nection of WNPM and AM in the second scenario de-
pends on both the persistence of the anomalous WNP
anticyclone and the phase transition of the eastern Pa-
cific SSTA (Fig. 12b).

The negative simultaneous correlation between WNPM
and IM is mainly caused by the following two scenarios
(Fig. 13). The first scenario consists of the El Nifio ear-
lier onset (or La Nifia persistence) events. The SSTA in
the eastern Pacific, through anomalous central equato-
rial heating, leads to the cyclonic wind shear in WNP and
subsidence over the Maritime Continent. The former
enhances the WNPM while the latter suppresses the IM
(Fig. 13a). The second scenario consists of the El Nifo
decaying-La Nifia developing (or La Nina decaying—
El Nifio developing) events. While a dry (wet) WNPM
is attributed to the anomalous low-level anticyclone
(cyclone) over WNP that persists from boreal winter
to summer, a wet (dry) IM is caused by the eastern
Pacific SSTA that has transitioned from a positive

(negative) to a negative (positive) episode in JJA or by
a basin-wide Indian Ocean warming (cooling) that per-
sists from El Nifio (La Nifa) mature winter to the sub-
sequent summer (Fig. 13b). The basin-wide Indian Ocean
warming may enhance (weaken) IM through increased
(decreased) moisture transport (Chang and Li 2000;
Li et al. 2001; Li and Zhang 2002).

It is worth noting that some of the strong phase re-
lation events between simultaneous WNPM and IM and
between WNPM and the subsequent AM occur at the
same time. As seen from Tables 3 and 4, 1982, 1986,
2001, 2002, and 2004 are years of both simultaneous
positive WNPM-negative IM phase and lagged positive
WNPM-negative AM phase, and 1983, 1996, and 1998
are years of both simultaneous negative WNPM-—positive
IM phase and lagged negative WNPM-positive AM
phase. Because of that, part of the composite evolution
features looks similar in Figs. 12 and 13. It is further noted
that the out-of-phase WNPM-IM relation consists of more
events, such as events in 1979, 1990, 1988, and 1995.
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Previous observational studies (e.g., Lau and Yang
1996; Li et al. 2001; Li and Zhang 2002) revealed that
a warm SST anomaly in the tropical Indian Ocean leads
a strong Indian monsoon. Chang and Li (2000) argued
that the warm SSTA in Indian Ocean has both positive
and negative effects on the Indian monsoon rainfall. A

positive SST anomaly, on the one hand, increases the
local surface humidity. The increased moisture may be
further transported by the mean monsoon circulation,
leading to a strong monsoon. On the other hand, the
positive SSTA reduces the land-sea thermal contrast
and thus decreases the monsoon rainfall. Both the scale
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FIG. 10. As in Fig. 6, but for the mean of 1983, 1988, 1995, and 1998 minus 1986 from (top to bottom) DJF to JJA.
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(Fig. 14) that does not belong to both the scenarios
above. As an anomalous cyclone persisted over SCS—
WNP from winter to summer 2001 in association with
the decay of a La Nifia episode, no significant basin-wide
SST anomalies appeared prior to the monsoon season
in the tropical Indian Ocean, and by summer 2001 the
tropical eastern Pacific SST became normal. Neverthe-
less, the IM was significantly weakened. The cause of
the weak IM is possibly attributed to the atmospheric
Rossby wave response to suppressed convection over
the Maritime Continent, which, in turn, is caused by en-
hanced convective heating over the WNPM through the
anomalous local Hadley cell (Kajikawa and Yasunari
2003). This implies that there might be a possible self-
regulating process between the two submonsoon systems.

The composite analysis results above are based on the
CMAP and NCEP Reanalysis-2 data. To examine the
sensitivity of the aforementioned phase relationships to
different data products, we conduct the same analysis
procedure for two independent datasets. The first data-
set includes GPCP2 rainfall and JRA reanalysis for the
same period. The second dataset includes the PREC
rainfall and NCEP-NCAR reanalysis for a longer period
(1948-2006). Table 5 shows the lagged correlations among
the three submonsoon systems using the GPCP2-JRA
dataset. It is found that the correlation coefficient be-
tween WNPM and the succeeding AM is —0.32, and the
correlation coefficient between WNPM and the pre-
ceding AM is 0.32, both of which just pass the 90% sig-
nificance level. The simultaneous correlation coefficient
between WNPM and IM is —0.70, exceeding the 99%
significant level. The calculation of the longer record
(1948-2006) dataset of NCEP-NCAR and PREC prod-
ucts (see Table 6) shows that the correlation coefficient

F1G. 12. Schematic diagrams showing the JJA (solid line) and
DIJF (dashed line) processes responsible for (a) out-of-phase re-
lation from a strong WNPM to a weak AM and (b) out-of-phase
relation from a weak WNPM to a strong AM.

between WNPM and the succeeding AM is —0.39,
exceeding the 99% significance level. The simulta-
neous correlation coefficient between WNPM and IM
is —0.29, exceeding the 95% significance level. The
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FIG. 13. Schematic diagrams showing the JJA (solid line) and
DJF (dashed line) processes responsible for (a) simultaneous
negative correlation between a strong WNPM and a weak IM and
(b) simultaneous negative correlation between a weak WNPM and
a strong IM.
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lagged correlation between AM and the succeeding
WNPM, however, becomes insignificant. Thus, the three
datasets point out in general a robust simultaneous IM—
WNPM relation and a robust lagged phase relation
between WNPM and the subsequent AM, but a weak
phase relation between AM and the subsequent WNPM.
Thus, caution is needed when a seasonal forecast is con-
ducted based on the weak phase relationship.

The cause of the weak correlation between AM and
the subsequent WNPM is possibly attributed to the

irregular temporal evolution of La Nifia events, such as
the long persistent La Nifa event from 1998 summer to
2001 winter. In the analysis of the NCEP-CMAP data, if
we remove 1999 and 2000 data from original datasets,
then the correlation coefficient between AM and the
following WNPM is 0.403, exceeding the 95 % significant
level.

A further analysis of the longer-record data reveals
that the monsoon relations are not stationary and they
exhibit a marked interdecadal variability (Fig. 15). For

TABLE 5. Lagged correlation coefficients among WNPM, IM, and AM for 1979-2005 using GPCP2 and JRA data. The 90% (95%)
significance level corresponds to a correlation coefficient of 0.32 (0.38). The boldface indicates a correlation exceeding the 90% signifi-
cance level. The number of events indicates the number of years during which the relationship between two monsoons is consistent with

the correlation coefficient.

From India JJA(0) Australia DJF(0) SCS/WNP JJA(0) Australia DJF(0) SCS/WNP JJA(0)
To Australia DJF(1) India JTA(0) Australia DJF(1) SCS/WNP JJA(0) India JTA(0)
Correlation coef 0.35 -0.26 -0.32 0.32 —0.70
No. of events 17 14 14 18 15
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TABLE 6. Lagged correlation coefficients among WNPM, IM, and AM for 1948-2006 using NECP-NCAR and PREC data. The 90%
(95%) significance level corresponds to a correlation coefficient of 0.22 (0.26). The boldface indicates a correlation exceeding the 90%
significance level. The number of events indicates the number of years during which the relationship between two monsoons is consistent

with the correlation coefficient.

From India JJA(0) Australia DJF(0) SCS/WNP JJA(0) Australia DJF(0) SCS/WNP JJA(0)
To Australia DJF(1) India JJA(0) Australia DJF(1) SCS/WNP JJA(0) India JJA(0)
Correlation coef 0.21 —0.06 -0.39 0.07 -0.29
No. of events 36 36 36 34 33

example, the significant negative correlation between
WNPM and the succeeding AM appears at the begin-
ning of 1960s, the mid-1970s, and after 1985 (Fig. 15a).
The significant negative simultaneous correlation be-
tween IM and WNPM occurs after 1975 (Fig. 15b). The
significant positive correlation between WNPM and the
preceding AM appears from the end of 1960s to the be-
ginning of 1970s. During other periods, the positive cor-
relation is weak (Fig. 15c¢).

It is worth mentioning that the composite scenarios
proposed here are based on the ““after-the-fact” data (i.e.,
based on selected strong and weak in-phase or out-of-
phase events). While such an analysis strategy helps us to
understand multiple processes that contribute to the in-
phase and out-of-phase relations, it may have a limited
application in real forecast. The mechanisms discussed
here are primarily based on the boundary SSTA forcing.
As we know, in addition to the lower boundary forcing, the
monsoons are also influenced by internal atmospheric
variabilities including synoptic and intraseasonal oscilla-
tions. Some cases, for example, 1979 and 1981 in Table 2,
cannot be simply explained by the lower boundary forcing.
It is desirable to further study these cases in future work.

6. Conclusions

In this study we investigate the phase relationships
of the SCS-WNP summer monsoon (WNPM) with the
Australian monsoon (AM) and Indian monsoon (IM).
Based on the analysis of the mean and standard de-
viation of the CMAP precipitation and relative vorticity
fields, we define the monsoon intensity indices for the
Australian, WNP, and Indian summer monsoons. The
indices well represent the large-scale rainfall and low-
level circulation patterns over each of the three sub-
monsoon regions.

It is found that WNPM has significant lead-lag phase
relationships with AM and IM. The correlation coefficient
between WNPM and the succeeding AM is —0.41, pass-
ing the 95% significance level. The correlation coefficient
between WNPM and the preceding AM is 0.37, and is also
significant but only passes the 90% significance level.
The maximum correlation appears simultaneous between

WNPM and IM. The correlation coefficient is —0.64,
exceeding the 99% significance level. Using the two other
datasets is generally consistent with the conclusion above.

By examining the circulation and SST patterns and
evolution characteristics, several possible mechanisms
are proposed to explain the observed in-phase and out-
of-phase relationships. While the Australian summer
monsoon is mainly controlled by simultaneous SSTA in
the equatorial eastern Pacific, the Indian and WNP sum-
mer monsoons may be determined by various factors in-
cluding the local SSTA in the tropical Indian Ocean and

1960 1980 1985 1990 1995

1980 1985 1990 1995

1965 1970 1975 1980 1985 1990 1995

FIG. 15. The 27-yr window moving correlation coefficient be-
tween (a) WNPM and the succeeding AM; (b) IM and WNPM,;
and (¢) WNPM and the preceding AM based on NCEP-NCAR
reanalysis and PREC data for 1948-2006. Horizontal dashed lines
represent the 90% significance level and horizontal solid lines

represent zero.
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western Pacific and anomalous convection over the Mar-
itime Continent.

The in-phase relationship from AM to the succeed-
ing WNPM occurs primarily during the ENSO decaying
phase. A warm SSTA in the eastern Pacific weakens AM
through anomalous Walker circulation during the El Nifo
mature winter. The persistence of an anomalous anti-
cyclone in WNP due to local air-sea interactions (Wang
et al. 2000) further leads to a weak WNPM.

The out-of-phase relation from WNPM to the suc-
ceeding AM involves two possible processes. For the
first scenario, an El Nifio develops so early that the warm
SSTA in the eastern Pacific in JJA is able to force a low-
level cyclonic flow anomaly over WNP, which further
enhances WNPM. As the SSTA matures toward bo-
real winter, it weakens the AM through the anomalous
Walker circulation. The second scenario happens during
the El Nifio decaying phase. On the one hand, the per-
sistence of the WNP anomalous anticyclone causes a
weak WNPM. On the other hand, the phase transition of
a warm to a cold episode leads to a strong AM in DJF.

The simultaneous negative correlation between WNPM
and IM often appears either during the El Nifio early
onset years or during the El Nifo decaying (La Nina
developing) summer. In the former, a warm SSTA in the
eastern Pacific on one hand induces the cyclonic wind
shear and strengthens WNPM, and on the other hand
causes anomalous subsidence over the Maritime Con-
tinent, which further suppresses convection over India
through the atmospheric Rossby wave response (Wang
etal. 2003). In the latter, a weak WNPM results from the
persistence of the WNP anomalous anticyclone, whereas
a strong IM is caused by a cold eastern Pacific SSTA
(due to the El Nino phase transition), a basin-wide In-
dian Ocean warming [through the remote Kelvin wave—
forcing effect, see Wu et al. (2009) and Xie et al. (2009)],
or enhanced convection in the Maritime Continent as-
sociated with the local Hadley circulation in the WNP.
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