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Abstract
The variability of boreal spring Hadley circulation (HC) over the Asian monsoon domain over the last four decades is 
explored. The climatological distribution of the regional HC is symmetric of the equator, with the ascending branch around 
the equator and sinking branch around the subtropics in each hemisphere. The first dominant mode (EOF1) of the regional 
HC is equatorial asymmetric, with the main body in the Southern Hemisphere (SH) and the ascending branch to the north 
of the equator. This mode is mainly characterized by interannual variation and is related to El Niño-Southern Oscillation 
(ENSO). Significant negative sea surface temperature (SST) anomalies are observed over the tropical Indian Ocean (TIO) 
along with the development of La Niña events; however, the magnitude of SST anomalies in the southern Indian Ocean is 
greater than that in the northern counterpart, contributing to EOF1 formation. The spatial distribution of the second dominant 
mode (EOF2) is with the main body lying in the Northern Hemisphere (NH) and the ascending branch located to the south of 
the equator. The temporal variation of this mode is connected to the warming of the TIO. The warming rate of the southern 
TIO SST is faster than that in the northern counterpart, resulting in the southward migration of the rising branch. The above 
result indicates the critical role of the meridional distribution of SST on the variability of the regional HC.
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1  Introduction

Hadley circulation (HC) was first proposed by Hadley (1735) 
to describe the zonal mean vertical circulation that rises near 
the equator and sinks in the subtropical zone due to the une-
ven heating of the sun. The HC is a conveyor belt connecting 
low latitudes of the equatorial and subtropical regions, and 
it is also an important factor in global atmospheric circula-
tion changes (Hou 1998; Huang et al. 2019). The HC con-
nects the tropical and extratropical belts, and its ascending 
and descending branches are usually closely related to pre-
cipitation (Numaguti 1995). The HC can transport angular 
momentum, water vapor, and energy to extratropical regions, 

thus having an important effect on extratropical and tropical 
climate anomalies (Trenberth and Stepaniak 2003).

Because the HC is a direct thermodynamic circulation, 
the sea surface temperature (SST) variations have impor-
tant impacts on the HC’s variation. Early theoretical studies 
have shown that the meridional structure of the underlying 
SST affects the location of the ascending and subsidence 
branches of the HC (Rind and Rossow 1984). The meridi-
onal structure of SST can influence the location and intensity 
of convergence rise by adjusting the convergence process of 
the boundary layer of atmosphere and the thermodynamic 
structure (Schneider and Lindzen 1977; Feng and Li 2013). 
The numerical result also shows that the convergence and 
divergence of the lower atmosphere are sensitive to the heat-
ing location and the longitudinal distribution of the heating 
profile (Hou and Lindzen 1992). Therefore, the variation 
in tropical SST has an important influence on the HC. As 
the strongest factor in the interannual variability in tropical 
air-sea interaction, El Niño-Southern Oscillation (ENSO) 
plays an essential role in the HC variations. A previous 
study found that the HC would significantly strengthen 
when warmer SST anomalies (SSTA) occurred over the 
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eastern equatorial Pacific (Oort and Yienger 1996). This is 
because the warm ENSO events can warm the tropical area 
and intensify the subtropical jet, which in turn strengthens 
the HC (Seager et al. 2003). When ENSO is in a neutral or 
cold phase, the HC intensity is much weaker than that during 
warm events (Stachnik and Schumacher 2011). Meanwhile, 
the relationship between the boreal winter HC and El Niño 
was considered (Mitas and Clement 2006; Stachnik and 
Schumacher 2011). The impacts of El Niño on the HC are 
different between the developmental and decay phases (Sun 
and Zhou 2014). In addition, it is reported that the influences 
of El Niño on the HC exert significant regional differences, 
e.g., Wang (2004, 2005) found that during the warm phase 
of ENSO, the western Pacific HC and Atlantic HC are weak-
ened, whereas the eastern Pacific HC is strengthened. Addi-
tionally, it has been reported that the occurrence of ENSO 
events is related to equatorially symmetric meridional cir-
culation anomalies (Feng and Li 2013; Feng et al. 2019). 
The different responses of the HC to SST during ENSO 
events has been verified by models, given that El Niño and 
La Niña are the most significant interannual signals in the 
tropical air-sea system (Chen et al. 2016, 2017). In addition, 
it is found that the variation of SST over the tropical Indian 
Ocean and western Pacific contributes significantly to the 
long-term variation of the HC. The long-term warming of 
SST over this region is considered to be an important factor 
in modulating the long-term variability of the seasonal HC 
(Quan et al. 2004; Feng and Li 2013; Guo et al. 2016). The 
above work indicates that the tropical SST plays an impor-
tant role in the HC variation.

Although much attention has been paid to the variation of 
the global HC, the regional characteristics of the HC have also 
been studied. Because the ascending and descending branches 
of the HC are well related to convection, the variability of 
regional HC may have important implications for regional 
climate change (Chen et al. 2014a; Zhang and Wang 2013; 
Zhang et al. 2015). Therefore, it is of great significance to 
study regional HC. Chen et al. (2014b) attempted to detect 
the HC intensity trend by separating the tropical zonal belt 
into six regions. Guo and Tan (2018) found that the strength 
of the regional HC over the Indo-Pacific warm pool area 
during boreal spring has a significant impact on the tropical 
cyclone activity over the western North Pacific in the follow-
ing summer and subsequently influenced the regional rain-
fall. It was also found that there are strong differences in the 
regional HC in terms of both intensity and impacts (Nguyen 
et al. 2015, 2017). For example, some studies have shown that 
when El Niño occurs, the intensity of HC in the Indian Ocean 
and South America is abnormally low (Freitas and Ambrizzi 
2015; Freitas et al. 2017), while the HC in the eastern Pacific 
is abnormally strong (Wang 2002; Zeng et al. 2011; Huang 
et al. 2018a, b). The anomalous changes of HC in these regions 
have a significant impact on regional climate change. There is 

substantial evidence that changes of the HC are responsible for 
the increase of droughts in extratropical regions, such as south-
ern Australia (Fyfe et al. 2012), Altiplano in South America 
(RenéD and Patricio 2001), South Africa, and Southeast Asia 
(Dai 2013). Meanwhile, the intensity, boundary, and circu-
lation characteristics of the regional HC are also concerned 
(Fu et al. 2006; Nguyen et al. 2013). The cross-equatorial cell 
of the HC shows a significant interdecadal weakening in the 
tropical monsoon region of the Eastern Hemisphere, which 
may be the reason for the weakening of tropical monsoons in 
the South China Sea monsoon region and the East South Asian 
monsoon region (Wang 2001a; Zhou 2008).

The above discussion shows that the variations of regional 
HC have obvious regional characteristics. However, most 
of the studies regarding the regional HC were concentrated 
on the characteristics of the HC itself and little attention 
has been given to its variability, especially the dominant 
mode characteristics. The variability of circulation over the 
Asian monsoon domain has been extensively studied, as it 
occurs in the region with the strongest convective activity, 
the largest latent heat release, the largest moisture content, 
and the largest interannual variability in the world (Li and 
Michio 1996; Wang 2001b). As mentioned above, varia-
tions of SST over the tropical Indian Ocean (TIO) have an 
important impact on the global HC; however, their potential 
impacts on regional HC remain unknown. Meanwhile, it has 
been reported that the TIO SST variations are also affected 
by ENSO events (Schott et al. 2008). Therefore, whether 
ENSO has a potential effect on the variation of this regional 
HC is undetermined. Additionally, the difference between 
the influences of the ENSO and TIO SSTs on the HC in 
this region and the possible cause of this difference remains 
unknown. Considering that the greatest influence of ENSO 
on the TIO SST occurs during the boreal spring of its reces-
sion period, this paper will focus on this season to investi-
gate the long-term variability characteristics of the HC in the 
Asian monsoon domain and to illustrate the characteristics 
of its variability, as well as the possible causes. The organi-
zation of this paper is as followed: In Sect. 2, the datasets, 
methodology and model are described. The variability of the 
boreal spring HC over the Asian monsoon domain is shown 
in Sect. 3. In Sect. 4, the role of tropical SST in influencing 
the regional HC is described. We verify the conclusions with 
Gill’s model in Sect. 5. Finally, our conclusions and discus-
sion are presented in Sect. 6.

2 � Datasets, methodology and model

2.1 � Datasets

The monthly averaged circulation datasets and two global 
SST reanalysis datasets we used in this study are described 
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in Table 1. The Niño 3 index is used to identify the ENSO 
events (areal averaged SST over 5° S–5° N, 150° W–90° W) 
available via https​://www.esrl.noaa.gov/psd/gcos_wgsp/Times​
eries​/Data/nino3​.long.anom.data. The selection of La Niña 
events was based on the monthly Niño 3 index that was below 
− 0.5 °C for at least 9 months. We selected 6 La Niña events: 

1984/1985, 1988/1989, 1998/1999, 1999/2000, 2007/2008, 
and 2010/2011. These events are consistent with previous 
studies (Hoell et al. 2014; Zhang et al. 2015).

Table 1   Datasets used in this study

Abbreviation Organization Resolution (lon ×  lat) References

HadISST UK Met Office Hadley Centre’s sea ice and SST dataset 1° × 1° Rayner et al. (2003)
ERSST Extended Reconstructed SST version 3 2° × 2° Smith et al. (2008)
NCEP/NCAR​ National Center for Environmental Prediction/National Center 

Atmospheric Research
2.5° × 2.5° Kalnay et al. (1996)

JRA Japanese 55-year Reanalysis dataset 1.25° × 1.25° Kobayashi et al. (2015)

Fig. 1   The spatial distribution 
of climatological boreal spring 
regional HC over the Asian 
monsoon domain based on a 
NCEP/NCAR and b JRA55 
reanalyses. The contour is the 
MSF, the dotted line is negative, 
the solid line is positive, the 
interval is 0.02 × 1010 kg s2 and 
the shading is vertical velocity 
(unit: m/s)

https://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/Data/nino3.long.anom.data
https://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/Data/nino3.long.anom.data
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2.2 � Methods

According to the Helmholtz theorem, the horizontal wind field 
can be decomposed into two parts: the non-divergent part V� 
and the non-rotating part V�,

The vertical shear of the non-rotational part of the divergent 
wind V� can be used to describe the horizontal distribution 
of the tropical meridional and zonal circulation. The latitudi-
nal mean range is 30°–160° E, indicating the Asian monsoon 
domain.

The regional HC calculation method is obtained by inte-
grating the divergent wind as follows:

where R is the Earth radius, � is the latitude, g is the gravity 
acceleration, and p is atmospheric pressure.

(1)V = V� + V�

(2)𝜓 = ∫
2𝜋Rcos𝜙

g

[
V̄𝜒

]
dp,

Empirical orthogonal function (EOF) decomposition, one 
of the typical methods of principal component analysis, is 
being used more often in analyses of spatial-temporal data. 
EOF is used to extract the dominant modes of variability. Cor-
relation and partial correlation are used to describe the rela-
tionship between the regional HC and SST. Effective degrees 
of freedom are considered in the test (Bretherton et al. 1999). 
To obtain the effective degree of freedom of the linear trend, 
the following formulas are used:

N∗ is the effective degree of freedom of the sequence, N is 
the length of the sequence, � is the lag time length of the 
sequence autocorrelation, and �� is the autocorrelation coef-
ficient of the sequence lag length of �.

The formulas for calculating the effective degrees of free-
dom of the regression, correlation and partial correlation coef-
ficients between two time-series are as follows:

(3)
N∗ =

N
∑N−1

�=−(N−1)

�
1 −

���
T

�
�2
�

,

Fig. 2   a EOF1 and b PC1 of the boreal spring HC over the Asian monsoon domain, based on NCEP/NCAR. c, d Same as in a, b but based on 
the JRA55
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2.3 � Model

Gill (1980) illustrated a linear shallow-water equation to 
express the reactions of the tropical and extratropical atmos-
phere to the heating of an equatorially asymmetric heating 
source. Recently, some studies were conducted using Gill’s 
model to explore the response of the atmosphere to the thermal 
force with detailed influences, including the strength, extent of 
heating and location (Xing et al. 2014; Feng et al. 2016). This 
model is a practical and simple theoretical model for studying 
the response of the atmosphere when given a heating source 
distribution in a specific region (Chao and Wang 1991). The 
steady-state solution of its one-layer non-dimensional equation 
is as follows (Ratnam et al. 2012):

(4)N∗ = N
1 − �1

1 + �1
.

(5)�u −
1

2
yu = −

�p

�x
,

where x and y represent the distance from the equator to 
the east and north, � is a decay factor, u and v are zonal and 
meridional velocity, respectively, p is pressure disturbances, 
Q is the heating source, and w is vertical velocity.

3 � The variability of the boreal spring HC 
over the Asian monsoon domain

3.1 � Climatological characteristics

The climatological distribution of the boreal spring back-
ground averaged during the period of 1979–2016 is first 
examined. The warmest SST lies in the Asian monsoon 

(6)�v +
1

2
yu = −

�p

�y
,

(7)�p +
�u

�x
+

�v

�y
= −Q,

(8)w = �p + Q,

Fig. 3   Same as in Fig. 2, but for EOF2 and PC2
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domain, and the maximum center of precipitation is 
concentrated in this region near the equator (figure not 
shown). That is, the maximum convective center in boreal 
spring is located over 10° S–10° N and 50°–150° E, which 
is included in the Asian monsoon domain. The climato-
logical distribution of boreal spring HC over the Asian 
monsoon domain, based on the two reanalyses (averaged 
over 30°–160° E), is shown in Fig. 1. The regional HC is 
equatorially symmetric, with the ascending branch located 
around the equator, and the two sinking branches lie at 
approximately 30° latitude in each hemisphere. The south-
ern cell is slightly stronger than the northern counterpart. 
The climatological features of the regional HC are consist-
ently observed in the two reanalyses.

3.2 � The dominant modes of the regional boreal 
spring HC

EOF analysis is applied to extract the dominant patterns 
of boreal spring HC variability over the Asian monsoon 
domain. Note that only the first two EOF modes are pre-
sented as the EOF3 and EOF4 cannot be separated according 
to North’s rule. The spatial and temporal distributions of the 
first mode (EOF1 and PC1) are shown in Fig. 2. The two 
datasets show good consistency in both the temporal and 
spatial distributions. The first mode accounts for approxi-
mately 50% of the total variance. PC1 shows a significant 
long-term upward trend and mainly reflects the interannual 

variation, which is consistent with the strengthening trend 
of boreal spring HC over western Pacific as reported (Huang 
et al. 2019). The spatial distribution is asymmetric about 
the equator, with the collaborated ascending branch lying at 
approximately 10° N. The southern cell of this mode extends 
from 10° N to 30° S, with the main body in the SH centered 
round 10° S. The northern cell is weaker and located in the 
NH, centered at approximately 25° N. PC1 shows signifi-
cant interannual variation, which is consistently observed 
in the two datasets. In the years of strong El Niño events 
such as 1983, 1987, 1997, and 1998, PC1 is located in the 
negative phase, while in the years of La Niña events such 
as 1984, 1985, 1988, and 2000, the values of PC1 are posi-
tive. The linkage between PC1 and ENSO can be verified 
by the strong correlation between PC1 and the Niño 3 index, 
with a coefficient of − 0.88; that is, the variation of EOF1 is 
connected to the ENSO. A similar result is observed based 
on European Centre for Medium-Range Weather Forecasts 
(ECMWF) Re-Analysis interim (ERAI; Dee et al 2011), 
indicating the reliability of the result.

The spatial and temporal distributions of the second mode 
(EOF2 and PC2), based on the two reanalyses, are shown in 
Fig. 3. This mode accounts for ~ 20% of the explained vari-
ance. Different from the distribution of EOF1, the ascend-
ing branch of the EOF2 is located to the south of the equa-
tor at approximately 10° S. The two sinking branches lie at 
approximately 40° S and 30° N, respectively. The northern 
cell is stronger than the southern cell. Furthermore, PC2 

Fig. 4   a Spatial distribution of the detrended correlation coefficients 
between the boreal spring SST and PC1 of the regional HC, based on 
NCEP/NCAR and HadISST. b Same as in (a) but based on JRA55 
and HadISST. c Same as in (a) but based on NCEP/NCAR and 

ERSST. d Same as in (a) but based on JRA55 and ERSST. Shading 
indicates significance at the 0.1 level, and dots indicate a valid degree 
of freedom test. The red boxes are for the tropical eastern Pacific and 
Indian Ocean discussed in the text
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displays an obvious interdecadal variation, being in the neg-
ative phase during 1979–1988 and in the positive phase dur-
ing 1989–2016. That is, PC2 exhibits a significant interdec-
adal enhanced trend. Notably, the temporal variation of this 
mode is consistently seen in the two reanalysis datasets, with 
a correlation coefficient of 0.90, indicating reliability. The 
above analysis indicates that both the spatial structures and 
the temporal variations of the first two modes are different. 
For example, the first mode is dominated by the southern 
cell, with the ascending branch located north of the equa-
tor, showing strong interannual variation. The second mode 

is dominated by the northern cell, with the rising branch 
located south of the equator, displaying strong interdecadal 
variation. This result suggests that the two modes may be 
affected by different physical factors. The possible influences 
of the tropical SST on the variation of the modes will be 
discussed in the following sections.

Fig. 5   Left panel: spatial distribution of the correlation coefficients 
between PC1 of the regional HC and SST after removing the effects 
of SST averaged over the tropical Indian Ocean based on various 
datasets. Right panel: same as in the left panel but for the correlations 

between PC1 of the regional HC and SST after removing the effects 
of Niño 3 index. Shading indicates significance at the 0.1 level, and 
dots indicate a valid degree of freedom test. The red boxes are for the 
tropical eastern Pacific and Indian Ocean discussed in the text
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4 � Linkage with the tropical SST

4.1 � The linkage between the EOF1 and tropical SST

The correlation between PC1 and SST is shown in Fig. 4. 
This figure presents a La Niña-like distribution, which is in 
agreement with various datasets. Significant negative corre-
lations are observed over the TIO and the equatorial eastern 
Pacific, while significant positive correlations are observed 
over the tropical western Pacific. This result implies that the 
variation of SSTs over the TIO and the eastern Pacific may 
contribute to the variation of EOF1; however, it has been 
reported that the ENSO has a significant effect on the boreal 
spring TIO SST (Xie et al. 2009). Negative SST anoma-
lies would be found throughout the entire basin of the TIO 
during the receding spring of the La Niña event, and vice 
versa (Chowdary et al. 2006). Here, a partial correlation is 
employed to distinguish the relative role of the SST over 
the TIO and eastern Pacific on the variation of EOF1. The 
variation of SST over the TIO is represented as the areal 
averaged SST over the region of 50°–110° E, 10° S–10° N, 
and the Niño 3 index is employed to characterize the vari-
ation of ENSO.

The results of partial correlations between the PC1 and 
SST after removing the effects of SST over the TIO are 
shown in Fig. 5a–d. A significant negative correlation over 
the equatorial eastern Pacific is observed, while a significant 
positive correlation is found in the tropical western Pacific. 
However, the significant correlations over the TIO are van-
ished. In the contrary, the correlations between PC1 and SST 
after removing the effects of the Niño 3 index indicate that 
significant correlations over 0.70 have largely disappeared 
(Fig. 5e–h). Moreover, we find that the significant correla-
tion between PC1 and Niño 3 index is maintained when the 
effect of the TIO SST is removed, changing from − 0.88 to 
− 0.72. However, the relationship between PC1 and TIO SST 
is nonsignificant when the effects of the Niño 3 index are 
excluded, changing from − 0.5 to − 0.02. The above results 
suggest that the significant negative relationship between the 
TIO SST and PC1 is mainly due to the modulation of ENSO.

The above analysis implies that the variation of EOF1 is 
related to ENSO. The occurrence of ENSO events would 
induce significant SST anomalies during boreal spring over 
the TIO, which in turn would lead to regional HC anoma-
lies. We analyze the zonal mean distribution between the 
PC1 and SST over the TIO and eastern Pacific, respectively. 
The correlation coefficient between the PC1 and TIO SST 
shows an equatorially asymmetric distribution (Fig. 6a–d), 
with the maximum center of the negative correlation over 
~ 7°S. However, it is equatorially symmetric over the east-
ern Pacific, with the maximum center around the equator 
(Fig. 6e, f). According to the results of Feng and Li (2013), 

Fig. 6   Left panel: zonal mean correlation coefficients between the 
PC1 of the regional HC and SST over the tropical Indian Ocean and 
SST over the based on various datasets. Right panel: same as in the 
left panel but for the correlation coefficients between the PC1 and 
eastern Pacific Ocean. Blue dotted lines indicate significance at the 
0.1 level, and the red solid line indicates the equator
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an equatorially symmetric SST anomaly is accompanied 
with an equatorially symmetric meridional circulation. That 
is, the distribution of the EOF1 may attach to the TIO SST 
rather than over the eastern Pacific. This point further veri-
fies the above result. To explore the potential mechanisms 
of the ascending branch location of the regional HC in the 
NH, we examine the meridional distribution of SST over the 
tropical Indian Ocean during the La Niña events (Fig. 7). 
We see that along with the development of La Niña events, 
significant cold SST anomalies occur in both the northern 
(50°–110° E, 0°–10° N) and southern (50°–110° E, 10° 
S–0°) TIO. However, the SST anomalies over the south-
ern Indian Ocean are greater than those over the northern 
part during boreal spring. The uneven negative cold SST 
anomalies over the southern and northern Indian Ocean, 

accompanied by La Niña events, would induce an anom-
alous SST meridional gradient. Thus, compared with the 
southern TIO, the northern counterpart is a warmer heating 
source, resulting in an anomalous northward meridional SST 
gradient.

The anomalous ascending of the HC is due to the distri-
bution of the meridional gradient of the tropical SST, i.e., 
the locations where the meridional gradient of SST is equal 
to zero are parallel to the position where the anomalous 
rising occurs (Feng and Li 2013). We further analyzed the 
meridional gradient of anomalous SST over the TIO dur-
ing La Niña events (Fig. 8). The location where the meridi-
onal gradient of TIO SST (50°–110° E, 10°S–10° N) equals 
zero lies to the north of the equator in both the ERSST and 
HadISST. Therefore, an anomalous equatorially asymmetric 

Fig. 7   Areal averaged SST 
in the southern (10° S–0°, 
50°–110° E) and northern (10° 
S–0°, 50°–110° E) regions of 
the tropical Indian Ocean during 
La Niña events based on a Had-
ISST and b ERSST (solid points 
are significant at the 0.1 level)
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meridional circulation with an ascending branch north of the 
equator would be induced under the influence of anomalous 
TIO SST along with La Nina events.

4.2 � The linkage between the EOF2 and tropical SST

The correlation between PC2 and SST is shown in Fig. 9. 
Significant positive correlations can be seen over the Asian 
monsoon domain and tropical Atlantic Ocean. These sig-
nificant correlations are consistently observed across the 
various datasets. Considering that PC2 exhibits strong inter-
decadal intensification, a detrended correlation between 
PC2 and SST is performed. The significant positive corre-
lations nearly disappeared (Fig. 9e–h) when the linear trend 
is removed. This result indicates that the enhancement in 
PC2 is due to warming of the tropical SST. This conclusion 
is further verified by the significant correlation between 
the PC2 and the areal mean TIO SST (as in Fig. 8), with a 
coefficient of 0.58; however, the correlation decreases to 
0.09 when the linear trend is removed. The above result 
indicates that the temporal variation of EOF2 is related 
to the warming trend of the SST over the Asian monsoon 
domain. However, the reason that the ascending branch of 
EOF2 is located to the south of the equator is still unknown. 
To answer this question, we further analyzed the long-term 
trend of regional average SST in the two regions, i.e., south 

of the equator and north of the equator within the Asian 
monsoon domain.

We analyze the interdecadal variation of regional aver-
aged SST over 10° S–0° and 0°–10° N within 30°–160° E 
to examine the warming rate in the southern and northern 
scope of the Asian monsoon domain. Figure 10 displays the 
variation of SSTs averaged over the northern and southern 
scopes of the Asian monsoon domain, as well as their linear 
trends, and we find that the SST over the two regions both 
present a significant warming trend. However, the warm-
ing rate in the southern region is more rapid than that in 
the northern region. The rapid warming rate in the southern 
Indian Ocean is consistently observed in the two SST data-
sets. Therefore, the spatial distribution of the EOF2 is due 
to the uneven warming rate of the SST in the southern and 
northern Indian Ocean, resulting in the migration of the ris-
ing branch of the regional HC to the south of the equator.

5 � Verification of Gill’s model

To verify the above conclusion, we forced a weak heating 
source near 10 °N and 100 °E in Gill’s model, as shown in 
Fig. 11a. The central intensity of the heat source is 0.2 °C, 
corresponding to the anomalous amplitude during the La 
Niña events, i.e., the SST over the northern TIO is warmer 
than that over the southern. The intensity of the heating 
source decreases from the center to all sides. The formula 
of the heat source in Gill’s model is as follows:

Among the coefficients, Q represents the heat source, A 
represents the heat source intensity, d is the longitudinal dis-
tance from the equator to the heat source center, d > 0 (d < 0) 
represents the latitudinal width of the heat source center in 
the SH (NH), and 2L represents the latitudinal width of the 
heat source. The atmospheric circulation stimulated by the 
heat sources is shown in Fig. 11b. When the heating source 
lies at 10° N, the ascending branch of the HC forced by 
the heat source is also located near 10° N. That is, the SST 
in the NH is slightly warmer than in the SH during the La 
Niña years, which leads to an ascending branch of regional 
HC located to the north of the equator. These model results 
further support the observed result.

Qx, y = A ⋅ g(x) ⋅ e−
1

4
(y+d)2 ,

(9)g(x) =

{
cos kx, ∣x∣ ≤ L

0, ∣x∣ > L
, k = 𝜋∕2L.

Fig. 8   Meridional gradient of zonal mean SST anomalies averaged 
over the tropical Indian Ocean SST (50°–110° E) during La Niña 
events based on the ERSST (red) and HadISST (blue) datasets
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6 � Summary and discussion

The variability of boreal spring HC in the Asian monsoon 
domain is studied using a 38-year dataset from 1979 to 
2016. The characteristics of the temporal and spatial vari-
ations of the regional HC are described. The first dominant 
mode of the regional HC is dominated by the southern 
cell, with the ascending branch lying to the north of the 
equator. The variation of this mode is connected to the 

ENSO. Along with the development of La Niña events, 
significant negative SST anomalies occur over the TIO. 
In addition, the magnitude of the negative SST anomalies 
in the southern TIO is greater than that in the northern 
counterpart. Thus, an anomalous SST meridional gradi-
ent is induced and pointed to the northern TIO, resulting 
in an anomalous regional HC that ascends north of the 
equator. The second dominant mode of the regional HC is 
dominated by interdecadal variability, showing an evident 

Fig. 9   Left panel: spatial distribution of the correlation coefficients 
between PC2 of the regional HC and SST based on various datasets. 
Right panel: same as in the left panel but for the detrended correla-

tions. Shading indicates significance at the 0.1 level, and dots indicate 
a valid degree of freedom test. The red boxes are for the tropical east-
ern Pacific and Indian Ocean discussed in the text
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enhancement in recent decades. The ascending branch of 
the EOF2 is located to the south of the equator. The tem-
poral variation of EOF2 is related to the uneven warming 
of SST over the Asian monsoon domain. The ascending 
branch of EOF2 lies at south of the equator because the 
warming rate of the SST over the Asian monsoon domain 
is inhomogeneous, with a more rapid rate in the southern 
counterpart.

In addition, the La Niña events are connected with an 
anomalous HC, with distinct south wind anomalies in the 
low troposphere, which is the same as the prevailing wind 
of the Asian summer monsoon. This finding suggests that 
the occurrence of a La Niña event is favorable for a strong 
monsoon circulation and is consistent with previous results. 
For example, it is reported that a significant correlation is 

found between the Indian monsoon rainfall and the equato-
rial Indian Ocean wind during the El Niño period (Chie et al. 
2008). When a La Niña event occurs, the Indian summer 
monsoon and rainfall increase. Webster and Yang (1992) 
also noted that the variation of Asian monsoons is related 
to ENSO. El Niño is usually associated with weaker mon-
soons, while La Niña is associated with stronger monsoons. 
Since the 1970s, the East Asian monsoon and the East South 
Asian monsoon circulation have both weakened to varying 
degrees (Wang 2001a; Chase et al. 2003; Zhou 2008). The 
frequency of La Niña incidents has also decreased since the 
1970s (Hoell et al. 2014), favoring the formation of a weak 
monsoon.

On the other hand, the extratropical atmospheric vari-
ability, such as the North Atlantic Oscillation (NAO), shows 
significant influences on ENSO (e.g., Nakamura et al. 2006; 
Chen et al. 2014b). We found that the variation of regional 
HC is closely linked with the ENSO and thus whether the 
extratropical signals plays a role in affecting the regional 
HC. Further work regarding this aspect would improve the 
understanding of the tropical-extratropical interactions and 
would be helpful for a better recognition of the variability of 
the regional HC. Meanwhile, because the ascent and descent 
of the HC is closely connected to convection and rainfall, 
we find that the variation in the EOF1 is accompanied by a 
dipole anomaly in the convection within the TIO (figure not 
shown). That is, the regional HC may play a certain role in 
impacting rainfall variation, and future work will further 
investigate the influence of variability of the regional HC 
on the regional climate.

Finally, during La Niña events, the SST in the southern 
TIO was colder than that in the northern. Most previous 
studies have mainly considered latitudinal variations in SST 
or have considered the Indian Ocean as a whole (Santoso 
et al. 2015; Xie et al. 2009). The meridional structure of the 
Indian Ocean SST is less discussed. Therefore, it is essential 
to further study the possible reason for this uneven cooling, 
to compare whether there are similar cooling differences 
in the two types of ENSO events and to study the related 
climate effects, especially the impact on regional climate. 
Furthermore, the air-sea system showed strong interdecadal 
variability in the late 1970s (Wang et al. 2008). It is neces-
sary to study whether this interdecadal variation will affect 
the meridional structure of SST as well as the response of 
the atmosphere to the anomalous SST meridional structure.

Fig. 10   Time series of the areal mean SST over the southern (10° 
S–0°) and northern (0°–10° N) tropical Indian Ocean, as well as their 
linear trends based on a HadISST and b ERSST
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