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Abstract: The study has shown that the shear component of the vertical integrated kinetic energy (Ks) over the box
(40ºE-100ºE, 0-20ºN) can be used to measure the intensity of the South Asian summer monsoon (SASM). Based on its
value averaged between June and August, the SASM can be divided into strong and weak monsoon episodes. Between
1958 and 2018, there existed 16 (16) strong (weak) monsoon episodes. Based on the calendar year, the relationship
between the SASM and ENSO episodes can be grouped into six patterns: weak monsoon - El Niño (WM-EN), normal
monsoon - El Niño (NM-EN), weak monsoon - non ENSO (WM-NE), strong monsoon - La Niña (SM-LN), normal
monsoon - La Niña (NM-LN) and strong monsoon - non ENSO (SM-NE). Previous studies suggest that the WM-EN and
SM-LN patterns reflect the correlated relationship between the SASM and El Niño/Southern Oscillation (ENSO) events.
Therefore, we name these two strongly coupled categories WM-EN and SM-LN as the resonance effect. Two important
circulations, i.e., Walker circulation (WC) and zonal Asian monsoon circulation (MC), in the vertical plane are found to
be not always correlated. The MC is controlled by thermal gradients between the Asian landmass and the tropical Indian
Ocean, while the WC associated with ENSO events is primarily the east-west thermal gradient between the tropical
South Pacific and the tropical Indian Ocean. Furthermore, the gradient directions caused by different surface thermal
conditions are different. The main factor for the resonance effect is the phenomenon that the symbols of SSTA in the
tropical Indian Ocean and the equatorial eastern Pacific are the same, but are opposite to that of the SSTA near the
maritime continent.
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1 INTRODUCTION

Because of their strong climate signal, both the
south Asian summer monsoon (SASM) and the El Niño/
Southern Oscillation (ENSO) have received much
attention. Many studies have shown that the SASM is
associated with interannual variations in the tropical
ocean-atmosphere system, and in particularly, ENSO

events (e. g. Shukla and Paolino [1]; Xu and Chan [2];
Rajeevan and McPhaden [3]; Soman and Slingo [4]; Shi et
al. [5]). Lots of scientific evidence have also suggested
that the Asian monsoon may have a strong impact on the
development of ENSO events (Webster and Yang [6];
Meehl [7]; Lau and Yang [8]; Kirtman and Shukla [9]; Kim
and Lau [10]; Wu [11]; Li Y et al. [12]). Wu and Meng (1998)
found that the Indo-monsoon zonal circulation over the
equatorial Indian Ocean and the Walker circulation over
the Pacific Ocean are coupled in a way much like a pair
of gears operating over the equatorial Indian and Pacific
(GIP). They further pointed out that monsoon zonal flow
anomalies in the Indian Ocean can affect the sea-air
interactions in the equatorial central and eastern Pacific
through the GIP, triggering the occurrence of ENSO
events [13]. Xu and Chan pointed out that the Asian-
Australian monsoon system jointly affects the
development of El Niño events, with a strong SASM and
a strong East Asian winter monsoon being the necessary
(but not sufficient) conditions. The El Niño phenomenon
occurs when strong southerlies occur near the
northeastern coast of Australia (and can converge with
the northerlies associated with strong winter monsoons
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in the Northern Hemisphere) [2]. Moreover, many studies
have highlighted the role of El Niño events in the
interannual variation of SASM (Boschat [14]; Pang and
Yang [15]; Johnson et al. [16]). These works show that the
Asian-Australian monsoon and ENSO events have
formed an intricate atmosphere-ocean interaction
system.

However, in spite of such a close relationship
between the SASM and the ENSO cycle, a SASM
anomaly does not always correspond to the occurrence
of ENSO events (Xu and Chan [2]; Yun [17]). One possible
explanation is that the SASM is mainly driven by the
thermal contrast between the Asian landmass and
adjacent oceans and exhibits only a significant regional
feature. On the other hand, ENSO events are related to
the planetary-scale circulation. Especially in recent
years, some studies have shown that the relationship
between ENSO and the South Asian summer monsoon
has begun to weaken, and the South Asian summer
monsoon itself is also weakening. Kumar analyzed the
140-year history record and found that the inverse
correlation between ENSO and SASM weakened in the
late 1970s [18]. With the development of satellite
detection and models (Chang et al. [19]; Bollasina et
al. [20]), many scholars have studied it from different
perspectives (Lau [21]; Gershunov et al. [22]; Annamalai et
al. [23]; Turner et al. [24]; Kucharski et al. [25]; Fan et
al. [26]). Therefore, the main motivation of the present
study is to examine further the relationship between the
SASM and ENSO events and to identify possible
mechanisms of their interaction.

Because the characteristics of the Asian summer
monsoon vary widely from region to region, many
indicators have been developed to describe the intensity
and interannual variation of the monsoon (Shukla and
Paolina [1]; Goswami et al. [27]; Wang and Fan [28]; Neng
et al. [29]; Xu et al. [30]). Webster and Yang defined an
index called Webster and Yang Index (WYI) based on
the vertical shear of the zonal wind over the Asian
monsoon region(0-20°N, 40ºE-100°E), which seems to
describe the interannual variation of SASM well [6].
Using the optimal information extraction (OIE) method,
Shi and Li reconstructed the SASM index based on 15
tree-ring chronologies [31]. On annual timescales, the
generated index is significantly correlated with the
South Asian summer monsoon index calculated using
the instrument's records.

Xu and Chan used a technique proposed by Wiin-
Nielsen [32] to break down the flow in the troposphere
into the vertical mean flow and the shear flow, thus
defining a South Asian summer monsoon index
(SASMI) [33]. The results show that the SASMI can not
only reflect the intensity of SASM well but also reflect
some aspects of large-scale atmospheric circulation in
the East Asian monsoon region. Therefore, the SASMI
will be used in this study to define SASM intensity.

In section 2, the datasets used are described. The

relationship between the South Asian summer monsoon
and ENSO events is documented in Sections 3. Section 4
discusses the relationship between the South Asian
summer monsoon and Walker circulations. The physical
processes that may account for these relationships are
examined in section 5. It will be summarized and
discussed in Section 6.

2 DATA

The present study utilizes data from a number of
sources. Monthly mean global zonal and meridional
wind components as well as air temperature for 1958
through 2018 are from the NCEP / NCAR reanalysis
(Kalnay et al. [34]). Monthly mean global SST data on a
2º latitude × 2º longitude grid from January 1958 to
December 2018 are obtained from the NOAA Extended
Reconstructed Sea Surface Temperature (SST) V5
(Huang et al. [35]). Monthly mean ocean heat content (0-
2000m) data on a 1º latitude × 1º longitude grid for each
month from January 1958 to December 2018 are from
the IAP Gridded ocean subsurface temperature dataset
(Cheng and Zhu [36]; Cheng et al. [37]). We used Niño 3.4
index to track ENSO, and the data come from the
Climate Prediction Center (CPC).

3 RELATIONSHIP BETWEEN SASM AND EN‐

SO CYCLE

3.1 Shear kinetic energy and the South Asian summer
monsoon

Similar to the work of Xu and Chan [33], the
horizontal wind (u, v) is divided into vertical mean (um,
vm) and vertical shear (us, vs) values, which are the
amount of deviation from the vertical average at each
level. The shear kinetic energy [Ks = (us

2 + vs
2)/2] in

summer between June and August averaged over the
period 1958-2018 shows two strong activity centers, one
over the middle latitudes of the Asian landmass and the
other over South Asia (Fig. 1). However, the time
evolution of these two centers is different. The Ks in South
Asia (boxed area in Fig. 1) increases significantly in mid-
May, peaks in July and August, and then decreases in
September (Fig. 2). This period corresponds to the active
SASM. In contrast, mid-latitude Ks on the Asian
continent are closely related to seasonal variations of
planetary latitudinal winds in the Northern Hemisphere
(NH), with the weakest in July and August and the
strongest in December and January (Xu and Chan [33]).

Xu and Chan believed that Ks in South Asia should
be a good indicator of SASM activities [33]. The average
Ks in the region (0-20ºN, 40ºE-100ºE) from June to
August is used as the South Asian summer monsoon
index (SASMI), and the standard SASMI value can be
calculated.

The interannual variation of the SASMI shows that
between 1958-2018 there existed 16 strong monsoon
episodes (standardized SASMI > 0.5): 1960, 1961, 1970,
1975, 1977, 1978, 1980, 1984, 1985, 1988, 1994, 1998,
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2001, 2006, 2017, 2018; and 16 weak monsoon episodes
(standardized SASMI <- 0.5): 1962, 1963, 1965, 1972,
1974, 1979, 1983, 1987, 1989, 1992, 1993, 1997, 2002,
2009, 2011, 2015 (Fig. 3). Note that the SASMI shows
a substantial interdecadal variation, but the interdecadal
component will not be removed because the interdecadal
variation trend is not consistent in different elements of
the air-sea systems (Fig. 3).

The climatological annual mean (37 m2 s-2) of Ks

over South Asia can be used as a threshold to define the
onset (Ks > 37m2 s-2) and retreat (Ks < 37 m2 s-2) of the
SASM. Based on this criterion, the average onset date of
strong (weak) monsoon episodes is around May 10 (May
20) and the ending date is around September 15
(September 3). The persistent period is around 4 (3)
months. It is clear that the strong monsoon episodes
have not only a stronger intensity but also a longer
duration (Fig.2).
3.2 Relationship with ENSO events

An El Niño event is identified if the 5-month

running-average of the Niño 3.4 index exceeds 0.5 for 5
months or more. According to this method, if the index
greater than 0.5 is interrupted for two months or more,
the two events are considered to be discontinuous; if the
interval is one month, and the 3-month moving average
of the Niño 3.4 index for the month exceeds 0.5, it is
considered that the front and back events are continuous,
otherwise it is not continuous. Similarly, the Niño 3.4
index is less than -0.5 for La Niña events. From Fig. 3,
it can also be seen that in the 19 El Niño years from
1958 to 2018, 8 events were in weak monsoon years, 8
in normal monsoon years and 3 in a strong monsoon
year. In contrast, of the 19 La Niña years, 6 events were
in strong monsoon years, 11 in normal monsoon years
and 2 in a weak monsoon year. The relationship between
SASM and ENSO can therefore be categorized into nine
patterns: weak monsoon - El Niño (WM-EN), weak
monsoon - non ENSO (WM-NE), weak monsoon - La
Niña (WM-LN), normal monsoon - El Niño (NM-EN),
normal monsoon - non ENSO (NM-NE), normal

Figure 2. Monthly evolution of Ks averaged over South Asia (0-20ºN, 40ºE-100ºE) for strong monsoon episodes (dashed, red),
weak monsoon episodes (dotted, green) and the average between 1958 and 2018 (solid, blue). The horizontal line (37 m2 s-2) is the
annual average Ks for this 61-year period.
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monsoon - La Niña (NM-LN), strong monsoon - El Niño
(SM-EN), strong monsoon - non ENSO (SM-NE), and
strong monsoon - La Niña (SM-LN).

Since the SM-EN and WM-LN patterns seldom

occur and the NM-NE pattern is just the "normal'' case,
only the other six patterns will be examined in detail.
These years are listed in Table 1.

Figure 3. Interannual variation of the standardized South Asian summer monsoon index (SASMI) for the period of 1958-2018.“E”-
El Niño years,“L”-La Niña years.

Patterns

WM-EN

NM-EN

WM-NE

SM-LN

NM-LN

SM-NE

Years

1963, 1965, 1972, 1987, 1997, 2002, 2009, 2015

1958, 1968, 1969, 1976, 1982, 1986, 1991, 2004

1962, 1979, 1983, 1989, 1992, 1993

1970, 1975, 1984, 1988, 1998, 2017

1964, 1971, 1973, 1995, 1999, 2000, 2005, 2007, 2008, 2010, 2016

1960, 1961, 1978, 1980, 1985, 2001, 2018

Table 1. The years are listed according to the categories of the relationship between SASM and ENSO. The abbreviations are as
follows: weak monsoon (WM), normal monsoon (NM), strong monsoon (SM), El Niño (EN), non ENSO (NE), and La Niña (LN).

Note that because ENSO events always mature
during the winter, these patterns actually indicate the
relationship between the previous SASM and following
ENSO events.

4 THE RELATIONSHIP BETWEEN MON‐

SOON CIRCULATION AND WALKER CIRCU‐

LATION

To understand the relationship between the SASM
and ENSO events, the low-level (850hPa) and upper-
level (200hPa) circulations are composited for each
pattern averaged over the summer period (June -
August).
4.1 Low-level circulation

For the WM-EN pattern (Fig. 4a), the tropical South
Asian monsoon area (west of 100ºE) is dominated by
easterly anomalies and anticyclonic flow is found over
the Indian continent. Over the western North Pacific,
westerly anomalies prevail over the equatorial area (east
of 130ºE), and an Inter-Tropical Convergence Zone

(ITCZ) appears around 15ºN. The center of anomalous
subtropical high is located near 30ºN.

For the NM-EN pattern (Fig. 4b), the circulation
anomalies over the western North Pacific is similar to
that in the WM-EN pattern except for the intensity of the
anomalous anticyclone. In contrast, the circulation over
the South Asian monsoon area shows a different feature,
with the westerly anomalies over the Bay of Bengal and
the most part of the Indian continent.

For the WM-NE pattern (Fig. 4c), the circulation
over the western Pacific is almost opposite to that in the
above two patterns, with an easterly anomaly
dominating over equatorial areas. Northeasterly
anomalies prevail over the tropical South Asian
monsoon area, which is linked to easterly anomalies
over the western Pacific.

For the SM-LN pattern (Fig. 4d), the zonal wind
over the South Asian monsoon areas and the equatorial
Pacific are almost opposite to that in the WM-EN
pattern (Fig. 4a). Similarly, the circulation over the areas
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of Indo-China peninsula and the western North Pacific
do show these opposite features. The results show that
the correlated patterns of SASM and ENSO events exist
not only in the tropics but also in the mid-latitudes. For
the NM-LN pattern (Fig. 4e), the tropical circulation
also shows an opposite feature to that in the NM-EN

(Fig. 4b), some areas are not obvious but still exist over
the middle latitudes. The circulation in the SM-NE
pattern (Fig. 4f) also show the opposite feature to that in
WM-NE pattern (Fig. 4c), although the location of the
circulation anomalies is slightly different.

Figure 4. Composite 850hPa wind anomalies averaged between June and August in (a) weak monsoon-El Niño episodes (WM-EN),
(b) normal monsoon-El Niño episodes (NM-EN), (c) weak monsoon-non ENSO episodes (WM-NE), (d) strong monsoon-La Niña
episodes (SM-LN), (e) normal monsoon-La Niña episodes (NM-LN), and (f) strong monsoon-non ENSO episodes (SM-NE) years.
The shaded areas indicate the t value in zonal wind anomalies exceeding significantly the confidence level of 0.10.

Based on the above results, we can find that the
circulation anomalies are affected jointly by the monsoon
and ENSO events. The corresponding anomalous
patterns show opposite characteristics not only in the
tropical areas but also in the middle latitude areas.

In addition, the statistical t-test shows (shaded areas
in Fig. 4) that the circulation anomalies over the any key
areas, including the South Asian monsoon area, western
equatorial Pacific, exceed significantly the confidence
level of 0.10, which means that the circulation anomalies
pattern is reasonable. The following t-test in other fields
also shows these features.
4.2 Upper-level circulation

At 200hPa, westerly anomalies dominate the entire
tropical South Asian monsoon area in the WM-EN
pattern (Fig. 5a), and easterly anomalies are found over
the equatorial western Pacific, corresponding to westerly
anomalies at the low-level (Fig. 4a). The circulation
anomalies at the low and upper levels, therefore, suggest
the existence of two vertical anomalous circulations:
Asian monsoon vertical zonal circulation (hereinafter
referred to as MC) over the tropical Indian Ocean and
Walker circulation (WC) over the tropical Pacific.

For the NM-EN pattern (Fig.5b), easterly anomalies
dominate over the tropical western Pacific and the South

Asian monsoon area is also dominated by easterly
anomalies. In contrast, the westerly anomalies occupy
the entire tropical area from the South Asian monsoon
area to the western Pacific in the WM-NE pattern (Fig.
5c). Similar to the low-level, the tropical circulation
anomalies in the SM-LN (Fig. 5d) is opposite to that in
the WM-EN pattern (Fig. 5a), which include the
circulation anomalies over the middle latitudes. For the
NM-LN (Fig. 5e) and NM-EN (Fig. 5b) patterns, the
circulation anomalies also show negative correlation.
The same is true for the SM-NE (Fig. 5f) and the WM-
NE (Fig. 5c) patterns.
4.3 Monsoon and Walker circulations

Corresponding to the horizontal circulation at lower
(Fig. 4) and upper (Fig. 5) circulation level, the velocity
potential and divergence distribution on the lower level
(850hPa) reflect the vertical motion (Fig. 6). For the
WM-EN pattern, the South Asian monsoon area, and the
regions from the Indo-China peninsula through the
maritime continent as well as the northeastern ocean of
Australia, are dominated by the divergence anomalies.
The former area is consistent with the weak SASM,
while the latter area implies that the descent anomalous
motion dominates these areas, which is concomitant
with the weak WC and weak MC. In contrast, the
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convergence anomalies dominate the South Asian
monsoon area, the maritime continent and adjacent areas
in the SM-LN pattern (Fig. 6d), which just reflect the
effect of the strong SASM and La Niña events.

For the NM-EN pattern (Fig. 6b), the strong
divergence is found over the maritime continent and
surrounding areas, which still reflect the feature of the
weak WC. In most of the South Asian monsoon region,
the divergence value is small, which just shows that the
SASM is normal. The divergence distribution over the
western equatorial Pacific in the NM-LN pattern (Fig.
6e) shows an opposite feature to that in the NM-EN

pattern (Fig. 6b). The divergence over the South Asian
monsoon area also shows a weak anomaly.

For the WM-NE (Fig. 6c) patterns, the Asian
landmass areas show divergence anomaly, while the SM-
NE (Fig. 6f) shows convergence anomaly, which
corresponds to weak and strong monsoon events. In
contrast, the divergence over the western equatorial
Pacific and the maritime continent indicate a weak
anomaly, which reflects the normal state of the tropical
Pacific. It can be seen that the ENSO event is the main
driving force for vertical circulation anomalies.

Figure 5. The same as Fig. 4 but for the 200hPa.

Figure 6. Composite 850hPa divergence wind and velocity potential anomalies averaged between June and August in (a) WM-EN,
(b) NM‑EN, (c) WM-NE, (d) SM-LN, (e) NM-LN, and (f) SM-NE years. The colour map represents the velocity potential (Chi
scaled by 1e6), and the arrow represents the divergence wind.
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The extreme values of the velocity potential
anomaly in Table 2 represent its intensity, and the larger
positive value indicates strong convergence here, and
vice versa. Through analysis and graphical comparison,
we can find that the anomalous values in WM-EN and
SM-LN patterns are much larger than those of the other
four groups (Table. 2). We call the strong coupled
phenomenon of WM-EN and SM-LN the resonance
effect. It can be seen that the anomalous values under
the resonance effect are twice that of the non-monsoon
patterns (NM-EN, and NM-LN) and 4-5 times that of
the non-ENSO patterns (WM-NE, SM-NE). Under what
conditions can resonance effects be produced? We will
answer this question in the mechanism analysis section.

Based on the lower and upper horizontal
circulations as well as the divergence wind and the
velocity potential distribution, the MC and WC over the
South Asian monsoon area and tropical Pacific can be
summarized as the schematic diagram (Fig. 7). The
feature can be summarized as follows:

· The WC associated with ENSO events is not
always correlated with the MC associated with the

SASM. The easterly (westerly) anomalies in weak
(strong) SASM occurs while the westerly (easterly)
anomalies over the tropical Pacific in El Niño (La Niña)
(WM-EN, SM-LN), which only account for around 40%
in ENSO events. For the NM-EN, WM-NE, NM-LN,
and SM-NE patterns, the circulations over the South
Asian monsoon area and the equatorial Pacific are
uncorrelated.

· The relative intensity of the WC and MC is
different and the cores of their maximum anomalous
zonal wind do not locate at the same equatorial zone.
The position of MC is always north of the equator
(10ºN-15ºN).

· For the four uncorrelated patterns (NM-EN, WM-
NE, NM-LN, SM-NE), the MC direction on the vertical
section is often in the same direction in the WC, which
means that the rising or subsidence branch of MC is
different from that in the WC over the maritime
continent and surrounding areas. These results indicate
that the MC and WC are the two relative independent
systems.

This result shows that the South Asian summer

Table 2. In the six classifications, the extreme values of the 850hPa velocity potential anomaly near the maritime continent (20°S-
10°N, 90°E-120°E) are listed in the second column. The differences between the Walker circulation anomaly in the eastern region
(190°W-230°W) and the western region (90°E-130°E) are listed in the third column.

Patterns

WM-EN

NM-EN

WM-NE

SM-LN

NM-LN

SM-NE

850 hPa Chi anomaly’s extreme values

-1.464492

-0.6258565

-0.3196093

1.11268

0.7951069

0.3632113

Vertical circulation difference

-1.454965

-0.5513107

0.2063123

0.9231751

0.7670668

-0.1157316

Figure 7. A schematic diagram illustrating the location of the South Asian summer monsoon zonal circulation (MC) and Walker
circulation (WC) in (a) WM-EN, (b) NM-EN, (c) WM-NE, (d) SM-LN, (e) NM-LN, and (f) SM-NE. The arrow in the cloud and the
size of the cloud represent the updraft and its intensity.
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monsoon and ENSO are not always strongly correlated.
Only when certain conditions are met can a strong
coupling phenomenon occur, which is the resonance
effect we have proposed. The mechanism for the present
results will be discussed in the following sections.

5 THE PHYSICAL PROCESSES RESPONSI‐

BLE FOR THE RELATIONSHIP BETWEEN

THOSE TWO SYSTEMS

5.1 Atmospheric processes
5.1.1 MEAN TEMPERATURE ANOMALIES FROM 500HPA TO
200HPA

In order to reflect the thermal contrast over the
Asia-Pacific areas, the mean temperature anomalies
from 500hPa to 200hPa are composited. Concomitant
with the weak SASM, the Asian landmass is dominated
by the cold anomalies in the WM-EN pattern (Fig. 8a),
and the entire tropical Indian Ocean shows a positive
anomaly, which is similar to the sign in the tropical
Pacific except for its large anomalous amplitude. This
feature just reflects the effect of El Niño events.
Obviously, the behavior is almost opposite in the SM-
LN pattern (Fig. 8d); a warm anomaly is in Asian
landmass and the negative anomalies in the tropical
ocean with the maximum in the southern Pacific. The
warming anomaly in the Asian landmass is greater than

that in the Indian Ocean, and the resulting land-sea
thermal gradient contributes to the development of a
strong monsoon.

For the NM-EN pattern, a cold anomaly zone is
found in the mid-high latitudes of the Asian continent
(Fig. 8b). The tropical Indian Ocean also exhibits weak
negative anomalies and forms a distinct temperature
gradient with the tropical Pacific. It is clear that this
distribution is beneficial to the formation of the pressure
gradient, which produces westerly anomalies on the
equatorial Pacific Ocean (Fig. 8b). The opposite
distribution is also found in the NM-LN pattern (Fig.
8e). The tropical Indian Ocean is a weak positive
anomaly, and the Asian continent is a positive anomaly.
The anomalous symbols on the equatorial Pacific are
opposite to them. It is easy to form an easterly anomaly
on the equatorial Pacific Ocean.

In addition, the behavior in the following two
patterns (Fig. 8c and f) shows a similar indication. We
can see that due to the absence of ENSO events, the
temperature anomaly is smaller in the Pacific region,
while the comparison between the Asian continent and
the Indian Ocean is more obvious. The change in the
direction of temperature gradient corresponds to each
pattern. For example, when the monsoon is strong, the
wind generally blows from the ocean to the land.

Figure 8. Composite air temperature anomalies from 500hPa to 200hPa averaged between June and August in (a) WM-EN, (b) NM-
EN, (c) WM-NE, (d) SM-LN, (e) NM-LN, and (f) SM-NE years. Shading indicates that the t value of composite anomalies exceeds
significantly the confidence level of 0.10.

In the resonance patterns (Fig. 8a and 8d), we can
find that the main factor for the resonance effect is the
phenomenon that the symbols of SSTA in the tropical
Indian Ocean and the equatorial eastern Pacific are the
same, but are opposite to that of the SSTA near the
maritime continent. The SSTA of other non-resonant
patterns do not satisfy this condition.
5.1.2 VERTICAL CIRCULATION

The distribution of zonal circulation shows a

substantial difference over three key areas: the equatorial
central-eastern Pacific, the tropical Indian Ocean, and
the maritime continent. For the WM-EN pattern (Fig.
9a), due to warming in the equatorial central-eastern
Pacific, equatorial convection and the ascending branch
of the Walker circulation, normally located in the
western Pacific, anomalously move eastward, resulting
in an abnormal sinking zone from Indo-China peninsula
through the maritime continent as well as the
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northeastern ocean of Australia (corresponding to Fig.
6a). The behavior is just opposite in the SM-LN pattern
(Fig. 9d). The updrafts in the West Pacific and the
maritime continent enhance the Walker circulation and
monsoon circulation, which is conducive to the
development of strong monsoon. From the vertical
circulation diagrams of the two patterns (Fig. 9a and b),
we can see that there are two relatively clear zonal
circulation loops, which are the MC and the WC we
mentioned above.

For the NM-EN pattern and the NM-LN pattern
(Fig. 9b and e), the Walker circulation is still quite
obvious due to ENSO events. However, the difference is
that the monsoon circulation is in the same direction as
the Walker circulation in the vertical plane. For example,
in Fig. 9b, both circulation anomalies are
counterclockwise. However, due to non-monsoon
events, the circulation pattern is less obvious in the
Indian Ocean region.

For the WM-NE pattern and the SM-NE pattern
(Fig. 9c and f), there is no ENSO event, so the Walker
circulation is not obvious. However, it can be seen that
there is abnormal updraft in the tropical Indian Ocean in
Fig. 9c, which indicates that the temperature increases
and the resulting thermal differences between land and
sea tend to form weak monsoons. The behavior is just
opposite in the SM-NE pattern (Fig. 9f).

In order to quantitatively show the strength of the
circulation, we selected two regions of the vertical
velocity difference between the eastern region (90° E-
130° E) and the western region (190° W-230° W) to
compare the changes in the circulation. The specific
values are also shown in Table 2. We can see that the
difference of the resonance patterns are still the largest,
and the non-ENSO patterns are the smallest,
corresponding to the velocity potential anomalies in the
previous column.

5.2 Oceanic processes
5.2.1 SEA SURFACE TEMPERATURE

For the WM-EN pattern, associated with the El
Niño episodes, the sea surface temperature (SST) over
the eastern equatorial Pacific (EEP) shows a positive
anomaly (Fig. 10a), and is positively correlated with the
counterpart over the tropical Indian Ocean, which is
favorable for the air temperature rising above there (Fig.

8a). Similarly, when the strong monsoon years
correspond to the La Niña episodes (Fig. 10d), both the
tropical Indian Ocean and the EEP are dominated by
negative anomalies. Obviously, in these two resonance
patterns, the SST near the western equatorial Pacific
Ocean, which is close to the oceanic continent, is
negatively correlated with the SSTA in these two places.

In contrast, in the NM-EN pattern (Fig. 10b), most
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Figure 10. Composite sea surface temperature anomalies (SSTA) averaged between June and August in (a) WM-EN, (b) NM-EN,
(c) WM-NE, (d) SM-LN, (e) NM-LN, and (f) SM-NE years. Shading indicates that the t value of composite anomalies exceeds
significantly the confidence level of 0.10.

160°E120°E80°E40°E

60°N
40°N
20°N

0
20°S

WM-EN SSTA NM-EN SSTA WM-NE

SM-LN SSTA NM-LN SSTA SM-NE

(a) (b) (c)

(d) (e) (f)

-1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4

60°N
40°N
20°N

0
20°S

WM-EN HCAs NM-EN HCAs WM-NE HCAs

SM-LN HCAs NM-LN HCAs SM-NE HCAs

(a) (b) (c)

(d) (e) (f)

60°N
40°N
20°N

0
20°S

60°N
40°N
20°N

0
20°S

60°N
40°N
20°N

0
20°S

60°N
40°N
20°N

0
20°S

60°N
40°N
20°N

0
20°S

160°E120°E 160°E120°E

160°E120°E80°E40°E 160°E120°E 160°E120°E

60°N
40°N
20°N

0
20°S

60°N
40°N
20°N

0
20°S

60°N
40°N
20°N

0
20°S

60°N
40°N
20°N

0
20°S

60°N
40°N
20°N

0
20°S

of the tropical Indian Ocean is replaced by the negative
anomaly, which attenuates the temperature rising in the
region, while EEP is still occupied by warm temperature
anomalies. For the NM-LN pattern (Fig. 10e), the SSTA
over the tropical Indian Ocean is basically negatively

correlated with EEP.
Since there is no ENSO episodes in the WM-NE

(Fig. 10c) and the SM-NE (Fig. 10f) pattern, the weak
SSTA appeared over the tropical ocean.

5.2.2 OCEANIC HEAT CONTENT

In addition to SSTA, ENSO events are also related
to the subsurface ocean temperature anomalies. To
explore how these anomalies relate to the six patterns,
the composite of sub-surface heat content anomalies
(HCAs) from 0 to 400 m depth is selected for analysis.
In the WM-EN pattern, positive HCAs are found in the
tropical Indian Ocean and the EEP (Fig. 11a), most part

of which corresponds to the positive SSTA (see Fig.
10a). This contributes the warm SSTA over there. The
behavior is opposite in the SM-LN pattern (Fig. 11d).

In the NM-EN (NM-LN) pattern (Figs. 11b, e),
HCAs show negative (positive) values in most parts of
the tropical Indian Ocean, as opposed to HCAs in EEP.
In addition, the HCAs also seem to be very weak in the
WM-NE and SM-NE patterns (Fig. 11c and f).

Figure 11. Composite oceanic heat content anomalies (HCAs) from 0 to 400 m depth averaged between June and August in (a) WM-
EN, (b)NM-EN, (c) WM-NE, (d) SM-LN, (e) NM-LN, and (f) SM-NE years. Shading indicates that the t value of composite
anomalies exceeding significantly the confidence level of 0.10.
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Through the comparison of ocean heat content
anomaly and SST anomaly, it can be seen that there is a
good correspondence between them, with their
anomalous area being the same. This also shows that the

change of sea surface temperature is closely related to
the ocean heat content. However, by comparing the
temperature anomalies with the sea surface anomalies,
we can see that the WM-NE and SM-NE patterns do not
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exactly match (Fig. 8c and f, and Fig. 10c and f). This
indicates that although sea surface temperature
anomalies affect temperature anomalies to some extent
through air-sea interactions, there are other influencing
factors.
5.3 A hypothesis

Based on the differences in various parameters
currently analyzed so far, it is possible to propose a
hypothesis to describe the sequence of physical
processes, thereby explaining for the relationship
between SASM anomalies and ENSO events. From the
perspective of the atmosphere, those two vertical cells
MC and WC associated with the SASM and ENSO
events are not always consistent with the findings
(Barnett [38]; Yasunari [39]) that the strong (weak) westerly
over Asian monsoon area was accompanied by the
strong (weak) trade over the tropical Pacific (Figs. 4 and
7). The uncorrelated circulation is mainly from different
physical processes. The MC is controlled by thermal
gradients between the Asian landmass and the tropical
Indian Ocean, whereas the WC associated with ENSO
events is primarily the east-west thermal gradient
between the tropical South Pacific and the tropical
Indian Ocean. Furthermore, the gradient directions
caused by different surface thermal conditions are
different (Fig. 8). In general, the change of thermal
status over Asian land is not just consistent with its
counterpart over the tropical ocean. In fact, the MC is
related to the WC only when the signal of change over
the eastern equatorial Pacific (EEP) is the same as that
over the tropical Indian Ocean and the signal of change
over the Asian continent is the opposite (See Fig. 8a and
d). However, the thermal condition over the Asian
continent and the Indian-Pacific Ocean does not always
change with this pattern, so the changes in the Asian
summer monsoon are not associated with the ENSO
events most of the time.

Ocean thermal conditions, on the other hand, alter
the pressure gradient and thus modulate the relative
temperature distribution. The main reason is the sign of
SSTA over the tropical Indian-Pacific Ocean. Usually,
the SST change over the tropical Indian Ocean is at the
same sign as that in the EEP (Fig. 10a and d), which is
conducive to the correlation between the SASM and
ENSO episodes. However, it is not always the case. In
many cases, the SST variation over the tropical Indian
Ocean is not completely consistent with that over the
eastern equatorial Pacific (Fig. 10b and e), which is
similar to conclusions of previous work (Nicholls [40];
Webster et al. [41]; Saji et al. [42]). Therefore, the SASM
is not always related to ENSO events. Of course, the
different variation of SST over the Indian Ocean and
Pacific is from the different ocean circulation and the
different sub-surface condition (See Fig. 11).

In short, the MC is a relatively independent system
from the WC. The different surface thermal conditions
determine the different pressure gradient and modulate

the relationship between the SASM and ENSO events.

6 SUMMARY AND DISCUSSION

6.1 Summary
According to Xu and Chan's work [33], the kinetic

energy (Ks) shear component on the box (0-20ºN, 40º-
100ºE) is defined as the South Asian summer monsoon
index (SASMI), which is used to measure the intensity
of the South Asian summer monsoon (SASM). By this
index, the SASM can be divided into strong and weak
monsoon episodes. In the past 61 years from 1958 to
2018, there existed 16 (16) strong (weak) monsoon
episodes. Composite analysis shows that the strong
monsoon episodes have not only a stronger intensity but
also a longer persistent time.

The relationship between the South Asian summer
monsoon anomalous episodes and the ENSO episodes
can be categorized into six patterns: weak monsoon - El
Niño (WM-EN), normal monsoon - El Niño (NM-EN),
weak monsoon - non ENSO (WM-NE), strong monsoon
- La Niña (SM-LN), normal monsoon - La Niña (NM-
LN) and strong monsoon - non ENSO (SM-NE).

The WC associated with ENSO episodes is not
always correlated to the MC associated with monsoon
episodes. The easterly (westerly) anomalies in weak
(strong) monsoon episodes occurs while the westerly
(easterly) anomalies over the tropical Pacific in El Niño
(La Niña) episodes (WM-EN, SM-LN), which account
for around 40% of ENSO events. The relative intensity
of the WC and MC is different and the cores of their
maximum anomalous zonal wind do not locate at the
same equatorial zone. The position of MC is always at
the north of the equator (~10ºN).

The mechanisms responsible for the MC and WC
are different. The MC is controlled by the south-north
thermal gradient between the Asian landmass and the
tropical Indian Ocean, and the WC is dominated by the
east-west thermal gradient between the southern pacific
and tropical Indian Ocean. Furthermore, the gradient
directions caused by different surface thermal conditions
are different. In addition, we refer to the two strong
coupled patterns WM-EN and SM-LN as resonance
effects. The opposite sign of SSTA over the tropical
Indian Ocean and the eastern equatorial Pacific is an
important factor for the non-resonant patterns between
the SASM and ENSO events.
6.2 Discussion

The present study suggests that the South Asian
summer monsoon anomalies are different episodes from
the ENSO episodes, and emphasizes that the strong
(weak) South Asian summer monsoon episodes are not
always consistent with the La Niña (El Niño). The main
reason is from the different mechanism responsible for
formation of monsoon and Walker circulations.

Many previous works pointed out that the Asian
monsoon is closely related to ENSO episodes (Webster
and Yang [6]; Yasunari [39]; Wu et al. [43]), and they even
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found that monsoon zonal circulation over the tropical
equatorial Indian Ocean and the Walker circulation over
the Pacific is correlated (Wu and Meng [13]). However,
the results of the present study implied that the monsoon
zonal circulation is a relatively independent system from
the Walker circulation associated with ENSO episodes.
The relationship between the two strong signs is limited,
which is determined by the surface thermal condition.

Although the variation of SASM has a good
correlation with the ENSO episodes, the mechanisms for
the two systems are different substantially; in particular,
the correlation between the monsoon and ENSO has
weakened in recent decades. Should we consider SASM
anomalies as relatively independent events? These
results give us a clue that the weather or climate change,
especially that over the monsoon areas, is not always
from ENSO anomalies over the Pacific and is perhaps
from monsoon anomalies. Over the Ocean, why are not
the SSTA over the eastern equatorial Pacific consistent
with that over the tropical Indian Ocean at some point?
How do the SASM and ENSO events work together to
affect climate change in Asia? In addition, we also
propose a resonance effect between the monsoon and
ENSO. When this effect occurs, how does it affect the
global climate? Besides the thermal condition, is there
any dynamic mechanism for the occurrence of this
resonance effect? These questions will be discussed as
the main topic of our next article.
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