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ABSTRACT

The relationship of the Hadley circulation (HC) to different tropical sea surface temperature (SST) me-
ridional structures during boreal summer is investigated over the period of 1979-2016. After decomposing
the variations of the HC into the equatorially asymmetric HC (HEA), zonal-mean equatorially asymmetric
SST (SEA), equatorially symmetric HC (HES), and equatorially symmetric SST (SES) components, the ratio
of the HEA associated with SEA with respect to the HES associated with SES is around 2 across multiple
reanalyses, which is a smaller ratio than in the annual and seasonal cycle. The reduced ratio of the HC to SST
is due to the regional SST variation in the Asian summer monsoon (ASM) domain. The first leading mode
(EOF1) of the regional SST variability in the ASM domain is dominated by a homogeneous warming pattern.
This pattern is associated with an equatorially asymmetric HC, but it has an opposite direction to the cli-
matological HEA and so weakens the HEA. The second dominant mode has an El Nifio-like pattern, which
resembles the distribution of the principal mode of the SST in the non-ASM region. Both modes are re-
sponsible for the variation of HES. However, the SST EOF1 in the ASM domain displays a significant upward
trend, favoring a suppressed HEA, and leading to the smaller ratio of the HC to SST during boreal summer.
Moreover, the variation of the SST EOF1 is closely linked with the intensity of the ASM, highlighting the
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potential modulation by the ASM of the relation between the HC and SST during boreal summer.

1. Introduction

The Hadley circulation (HC) is one of the largest and
most important meridional circulation systems of the
global climate. The HC involves equatorward mass
transport by the prevailing trade winds in the lower
troposphere and poleward mass transport in the upper
troposphere in the horizontal. In the vertical, the HC is
characterized by an ascending branch that is located
around the equator during the equinox seasons and on
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the equatorial edge of the summer hemisphere in the
solstice seasons and two descending branches located at
the edge of the tropics or the tropical-extratropical in-
terface of both hemispheres. The HC thus bridges the
tropics and extratropics, as well as the lower and upper
troposphere (Oort and Rasmusson 1970). A shift in its
spatial structure and long-term variability will have an
important influence on the climate (e.g., Fu et al. 2006;
Lu et al. 2007; Feng et al. 2013).

The HC is a thermally driven direct circulation,
with variations closely linked to the underlying ther-
mal conditions. The potential influence of sea surface
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temperature (SST) on the variation of the HC has been
discussed extensively. For example, the interdecadal
variation of boreal winter, spring, and summer HC is
related to the continuous warming of the Indo-Pacific
warm pool (e.g., Ma and Li 2008; Feng et al. 2011; Feng
et al. 2013; Li and Feng 2017), and the long-term var-
iation of boreal autumn HC is connected with the
Atlantic multidecadal oscillation (Guo et al. 2016).
Meanwhile, as the most significant interannual vari-
ability of the climate system, El Nifio-Southern Os-
cillation (ENSO) plays a role in determining the
interannual variation of the seasonal HC (Ma and Li
2008; Lu et al. 2008; Feng and Li 2013). During the
mature phase of El Nifio, the global-mean HC is
strengthened (Oort and Yienger 1996), while the HC
weakens over the western Pacific and Atlantic (Wang
2005). Different impacts are observed during different
phases of El Nifio events during boreal summer; that is,
an intensified HC is seen during the summers of a de-
veloping El Nifio, whereas a suppressed northern HC is
found during the summers with a decaying El Nifio (Sun
and Zhou 2014). Moreover, ENSO also plays a role in
affecting the extent of the HC, that is, El Nifio events may
induce a wider HC, and La Nifia events give a narrower
extent (e.g., Nguyen et al. 2013; Guo and Li 2016).

The HC is affected by both the intensity of the un-
derlying thermal conditions and their spatial structure;
that is, meridional structures of the underlying SST ex-
hibit essential impacts on the HC as well. Pioneering
theoretical studies demonstrated that the position of the
convergence in the boundary layer depends on the me-
ridional structure of tropical SST (e.g., Schneider and
Lindzen 1977; Rind and Rossow 1984; Lindzen and
Nigam 1987; Lindzen and Hou 1988). Fang and Tung
(1999) reported that heating centered off the equator
tends to produce a stronger meridional circulation in the
winter hemisphere than is the case when the heating is
equatorially symmetric. This point is further demon-
strated in observations and numerical models that show
an equatorially asymmetric (symmetric) meridional cir-
culation may be expected under the impact of equato-
rially asymmetric (symmetric) SST anomalies (Feng
et al. 2013; Feng and Li 2013). Moreover, the amplitude
of the response of the meridional circulation to different
SST meridional structures may vary considerably even
for the same magnitude of SST perturbations, and this is
seen across multiple reanalyses (Feng et al. 2016, 2017).
These results emphasize how effectively the meridional
SST structure modulates both the spatial distribution
and intensity of the HC, especially for the annual-mean
interannual variation and seasonal cycle.

In addition, strong seasonal differences have been
detected in the HC in both its dynamical modulated
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regimes and variations. For example, during the solstice
seasons [i.e., boreal summer (June—August) and winter
(December—February)], the winter cell of the HC adopts
the angular momentum conservation region, and the
summer cell of the HC adopts the eddy-mediated regime.
However, this is not the case for those during the equinox
seasons such as boreal spring (March-May) and autumn
(September—December; Walker and Schneider 2006;
Bordoni and Schneider 2010). The climatological spatial
distribution of the HC is generally equatorially symmetric
during the equinox seasons, but the ascending branch of
the HC shifts to the summer hemisphere during the sol-
stice seasons. The HC tends to strengthen in boreal
winter and spring, although there are inconsistencies
across different datasets (Kang and Lu 2012; Nguyen
et al. 2013). In contrast, the expansion of the HC is most
evident during boreal summer and autumn (e.g., Fu et al.
2006; Hu and Fu 2007; Lu et al. 2007, 2009; Nguyen et al.
2013). However, the seasonal characteristics of the re-
lationship of the HC to different SST meridional struc-
tures are still unclear.

Boreal summer [June-August (JJA)] is the season
when the Asian summer monsoon (ASM) prevails. This
is Earth’s most pronounced monsoon system with strong
air-sea interactions in the monsoon domain. The strong
interannual variation of the ASM has significant impacts
on the HC (Sun and Zhou 2014). It is illustrated that the
meridional structure and seasonal evolution of the sol-
stitial cell are related to the monsoons in Dima and
Wallace (2003), however, with a focus on the seasonal
cycle and global mean. The potential role of the ASM
on the variation of the seasonal HC is still unknown.
Therefore, is the relationship of the HC to different
meridional SST structures altered during this monsoon
season? If it is, what is the relation between the HC and
SST during the monsoon season? Meanwhile, El Nifio
events may be in decaying or developing phases in bo-
real summer, suggesting that the impact of El Nifio
events should not be ignored in this season. What then is
the potential impact of El Nifio events on the relation-
ship of the HC to different SST meridional structures
during this season?

The above consideration provides the main motiva-
tion of the present study. By linearly dividing the vari-
ations of the HC and SST into two components, that is,
the equatorially asymmetric and symmetric variation,
the relationship of the HC to different SST meridional
structures during boreal summer is explored and the
possible cause is discussed. The remainder of this paper
is organized as follows: Section 2 describes the datasets
and methodology. Section 3 shows the relationship be-
tween the HC and different SST meridional structures
during boreal summer on the global mean. The regional
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characteristics of the HC and tropical SST are demon-
strated in section 4. The possible mechanism for the
observed relationship of the HC and SST during boreal
summer is discussed in section 5. Finally, section 6 con-
tains a short discussion and our conclusions.

2. Datasets and methodology
a. Datasets

Two atmospheric reanalysis datasets were employed
to depict the features of the boreal summer (i.e., JJA)
HC. These datasets were from the Japanese 55-year
Reanalysis (JRA) on a horizontal resolution of 1.25° X
1.25° with 32 vertical levels (Kobayashi et al. 2015),
and the European Centre for Medium-Range Weather
Forecasts (ECMWF) interim reanalysis (ERA-Interim,
hereafter ERAI) globally archived dataset on a 1.5° X
1.5° horizontal resolution with 32 vertical levels (Dee
et al. 2011). Two global SST datasets are used to ex-
amine the tropical SST features. They are the Extended
Reconstructed SST, version 3 (ERSST), on a 2° X 2°
resolution (Smith et al. 2008), and the Hadley Cen-
tre Sea Ice and Sea Surface Temperature dataset
(HadISST) on a 1° X 1° horizontal resolution (Rayner
et al. 2003). Considering that the ASM shows strong
interdecadal variation, and the intensity of the ASM has
important influences on the SST over the tropical Indian
and western Pacific (Wang et al. 2001; Ding and Chan
2005), the period of 1979-2016 is focused on in this
study. This period corresponds to a weak ASM in gen-
eral, and multiple atmospheric reanalyses are available.
Moreover, the ECMWF twentieth century reanalysis
(ERA-20C) from 1948 to 2010 (Poli et al. 2016) on a
resolution of 2.5° X 2.5° is used to highlight the possible
interdecadal modulation on the relationship between
the HC and SST. The National Centers for Environ-
mental Prediction-National Center for Atmospheric
Research (NCEP-NCAR) reanalysis is not employed
because it shows limitations in depicting the variation
of the HC as reported (Waliser et al. 1999; Feng
et al. 2017).

b. Method

The global HC is characterized by the mass stream-
function (MSF). It is obtained by vertically integrating
meridional wind and is defined by

= ldp, 1)

J 2mR cos d
where v is the meridional wind, P is the pressure, R is
the mean radius of Earth, ¢ is the latitude, and g is
the gravitational acceleration. The overbar and square
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brackets represent temporal and zonal averaging, re-
spectively. A detailed calculation of the MSF is seen in
Feng et al. (2016). According to Zhang and Wang (2013),
the regional HC is obtained by using the irrotational
component of the meridional wind averaged over a
specific domain and is defined as

- J277Rcos¢

v, 1dp. )

where v, is the irrotational variation of the meridional
wind. Other variables are the same as those in Eq. (1).
The square brackets represent a zonal mean over a
specific domain.

To compare the linkage between the boreal summer
HC and different SST meridional structures, the varia-
tions of the MSF and zonal-mean SST are linearly
decomposed into two components following Feng et al.
(2016, 2017), that is, equatorially symmetric and asym-
metric variations. The equatorially asymmetric HC (HEA)
and equatorially symmetric HC (HES) variations of MSF
are defined as follows:

MSF(y) + MSF(—y)

HEA(y) = 3 and
HES(y) = MSF(y) —2MSF(—y). 3)

The SST equatorially asymmetric (SEA) and SST equa-
torially symmetric (SES) variations of zonal-mean SST
are obtained as follows:

SST(y) — SST(—y)

SEA(y) = 5 and
SES(y) = SST(y) +2SST(—y)’ @)

where y (—y) is the meridional location north (south) of
the equator. The details regarding the decomposition
are presented in Feng et al. (2017). Based on the above
decomposition method, the interannual variation of
seasonal HEA, HES, SEA, and SES are obtained. Then
EOF analysis was employed to detect their principal
modes and the principal component (PC). The response
ratio of the HC to SST is defined as

_ PCI(HEA)/PC1(SEA)
PCI1(HES)/PCI(SES) ’

Ratio 5)

where PC1(HEA) refers to the first PC of the seasonal
HEA; other variables have similar meanings. The nu-
merator (denominator) in Eq. (5) represents the re-
sponse amplitude of the HEA (HES) to SEA (SES).
Thus, the ratio demonstrates the sensitivity of the HC to
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different SST meridional structures. The simultaneous
influence of ENSO on the SST has been removed by
subtracting the linear regression of the SST on the Nifio-3
index. Correlation and regression are used to illustrate
the relationships between the SST and HC, and linear fit
is obtained by using the least squares regression. The
statistical significance of the correlation and regression
values was evaluated by means of a two-sided Student’s
t test.

3. Global-mean characteristics of the HC and zonal
SST

a. Variations of the tropical zonal SST

The climatological distribution of zonal-mean SST
during boreal summer displays two peaks that are
symmetrically positioned about the equator (Fig. 1a).
However, the peak in the Northern Hemisphere (NH)
is much higher than that in the Southern Hemisphere
(SH). The climatological SEA decreases nearly linearly
from 20°N to 20°S from positive in the NH to negative in
the SH (Fig. 1b). The climatological SES has two peaks
mirrored at the equator and positioned around 5°S
and 5°N (Fig. 1c). The amplitude of the climatological
SEA is larger than that of the SES. These climatological
features are consistently depicted by the two reanalyses.
The principal mode (EOF1) of the SEA has a spatial
distribution that resembles the climatological structure,
increasing from 20°S to 20°N, with an explained variance
around 73%. The EOF1 of SES has a parabola-like
pattern with the maximum located at the equator. The
explained variance of this is about 84%, indicating a
greater concentration than that of the SEA. Although
the two modes have different amplitudes in the two re-
analyses, the spatial pattern and explained variance
derived from the two reanalyses are equivalent. Con-
sidering that the first dominant mode accounts for a
large proportion of the total explained variance, only the
variation of EOF1 is discussed below for both the me-
ridional circulation and zonal-mean SST.

b. Variations of the global-mean HC

Figure 2 displays the climatological MSF and vertical
motion, and their equatorially asymmetric and sym-
metric variations, as well as the corresponding EOF1
modes based on JRA and ERAI reanalyses. The two
reanalyses are consistent with each other in depicting
the climatological features of the HC. The climatologi-
cal HC has an equatorially asymmetric meridional cir-
culation. The ascending branch is located around 17°N,
and the descending branch around 30°S (Figs. 2a,d). The
spatial distribution of the climatological HEA is similar
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FIG. 1. (a) Climatological distribution of boreal summer zonal-
mean tropical SST based on ERSST (red) and HadISST (blue)
(°C). (b) As in (a), but for the distribution of the equatorially
asymmetric variations (dashed line; right y coordinate) and its
EOF1 (solid line; left y coordinate). (c) As in (b), but for the dis-
tribution of the equatorially symmetric variations.

to the original HC, with comparable magnitude and the
ascending branch in the NH and descending in the SH
(Figs. 2b,e). That is, the variation of the summer HC is
mainly dominated by the HEA, which is consistent with
previous work (Li and Feng 2017) and highlights the
suitability of the decomposition method. The climato-
logical HES displays an equatorial mirrored pattern,
with a combined ascending branch at the equatorial
edge and two descending branches around 25° latitude in
each hemisphere (Figs. 2¢,f). Note that the magnitude of
the climatological HEA is much larger than that of the
HES, consistent with the larger amplitude of the SEA
compared with the SES in the climatology. The EOF1
modes of HEA and HES resemble their climatological
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FIG. 2. (a) Climatological distribution of the boreal summer MSF (contours; 10°kgs™') and vertical motion
(shaded; 107> Pas™ ') based on JRA. The solid (dotted) contours are clockwise (counterclockwise), and the zero
contour is thickened. (b) As in (a), but for the climatological distribution of the equatorially asymmetric variations
of the MSF (shaded) and its EOF1 (contours). (c) As in (b), but for the distribution of the equatorially symmetric

variations. (d)—(f) As in (a)-(c), but based on ERAIL

distributions, accounting for more than 40% of the ex-
plained variance.

¢. Relationship between the HC and tropical zonal
SST

Figure 3 displays the principal components of the
EOF1 (PC1) for the HC and SST. There is no evident
interdecadal variation in the PC1 of the HEA and SEA,
while the PCls of the HES and SES show significant
upward trends. The PCls based on the two atmospheric
and SST datasets are highly consistent, with correlation

coefficients exceeding 0.6 across the HC and SST.
Moreover, the correlation coefficients of the correspond-
ing PCls are 0.64 for HES against SES and 0.34 for HEA
against SEA. However, there is no significant relation
either between the PCls of the HEA and SES, or of the
HES and SEA. Note that the significant relationship
among the PCls of the HC and SST remains after the
linear trend is removed (Table 1). These correlations
confirm that the variations in HEA are associated with
the SEA, and the variations in HES are related to the
SES as reported in Feng et al. (2016). In addition, the



6580

(a) PC1_HEA

1984 1992 2000 2008

(b) PC1_HES

1992 2000 2008

1984

JOURNAL OF CLIMATE

2016

2016

VOLUME 31
1 4-(c) PC1_SEA
" | e—eERSST
0.74 #——eHadiSST
"
-0.74
1984 1992 2000 2008 2016
» g (d) BE1 SES
“T 1k, A\F\ f\/ﬁ
D A Lg’ W Pavaly
=144 xjé ° »ERSST
L ¢ HadISST
1984 1992 2000 2008 2016

FIG. 3. (a) The PCls of the HEA based on the JRA (red with solid circles) and ERAI (blue with open circles)
reanalyses. (b) As in (a), but for the PCls of the HES. (c)-(d) Asin (a) and (b), but for the SEA and SES based on
ERSST (red with open circles) and HadISST (blue with solid circles), respectively.

relationship of HEA and SEA is less significant than
that of SES and HES, indicating a more complicated
variation in the HEA, which will be discussed in the next
section.

At this point, the corresponding amplitudes of the
HEA to SEA, and of the HES to SES, are explored.
Figure 4 displays scatterplots of the PC1 of the HEA
against that of the SEA and of the PC1 of the HES
against SES based on two SST datasets. Besides the
significant linear relationship between the HEA and
SEA, and between the HES and SES, it is found that the
regression coefficients of HEA to SEA are larger than
those of the HES to SES. A unit variation in the SEA is
associated with a 24-unit variation in the HEA, whereas
the corresponding variation for the HES against SES is
about 12 based on JRA and ERSST (Fig. 4 and Table 1).
Although the regression coefficients are different across
different reanalyses, the ratio of the HEA against SEA
with respect to the HES against SES is comparable
among different datasets indicating that the result is
robust. This result highlights that the associated am-
plitude of the HC to the equatorially asymmetric SST
is about twice as strong as that to the equatorially

symmetric SST during boreal summer. Note that the
ratio of the HC to SST during boreal summer is not as
large as that in the annual mean (ratio ~ 5; Feng et al.
2016) nor during the seasonal cycle (ratio ~ 4; Feng et al.
2017), suggesting that the boreal summer HC is less
sensitive to the meridional SST structure. The possible
causes of the reduced ratio of the HC to SST are further
investigated by performing spatial correlation distribu-
tions between the PC1 of the HEA (HES) and global
SST (Fig. 5). The correlation between the SST and PC1
of HEA shows approximately equatorially symmetric
statistically significant negative correlations within the
ASM domain. However, there are equatorially asym-
metric signals in the tropical Pacific and Atlantic that are
statistically significant to the south of the equator but
have no counterpart to the north of the equator. This
result implies that the SST within the ASM domain may
deviate from the equatorially asymmetric distribution of
the SST. As reported, the ASM could impact the SST
in the adjacent oceans via the wind-evaporation—SST
mechanism (Wang et al. 1999), and a strong ASM
is associated with negative SST anomalies in the ASM
domain (Wang et al. 2001; Ding and Chan 2005). Thus it

TABLE 1. Regression coefficients of the PC1 of HEA (HES) with respect to the PC1 of SEA (SES) and their ratio during boreal summer
calculated using the various reanalysis datasets. The values within the parentheses (square brackets) are for the corresponding raw
(detrended) correlation coefficients. Significant coefficients at the 0.05 level are marked with asterisks.

ERSST HadISST
Dataset Asymmetric Symmetric Ratio Asymmetric Symmetric Ratio
ERAI 15.75 (0.30%) [0.23] 6.68% (0.51*) [0.54%] 2.4 11.46* (0.29) [0.23] 4.90* (0.50*) [0.52%] 23
JRA 23.76* (0.31%*) [0.33*] 11.53* (0.66%) [0.54*] 2.1 15.71% (0.34%) [0.40%] 8.01* (0.51%*) [0.52%] 2.0
ERA-20C 14.82* (0.48*) [0.39%] 3.58% (0.45*) [0.59%] 4.14 11.29* (0.44%*) [0.38*] 2.96* (0.47*) [0.57%] 3.81
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FIG. 4. (a) Scatterplot of the PC1s of the SEA against the PC1s of the HEA (red circles), and their linear fit (black
crosses) based on ERSST and JRA. (b) As in (a), but for the scatterplot of the PCls of the SES against the PCls of
the HES. (c),(d) As in (a) and (b), but based on HadISST and JRA.

is possible that the anomalous SST within the ASM
domain is related to the ASM. In contrast, the correla-
tion between the HES PC1 and SST is equatorially
symmetric, with positive correlations over the tropical
Indian Ocean and eastern Pacific. The distribution here
is similar to the El Nifio pattern. This implies that the
variation of HEA leads to the reduced ratio of the HC to
SST and suggests that the SST over the ASM domain
may contribute to the reduced ratio of the HC to SST
during boreal summer. To further evaluate the possible
influences of the SST over the ASM domain on the re-
lation between the HC and SST, we divided the global
domain into two subregions, the ASM domain (50°-
150°E) and non-ASM region (150°-50°E), to analyze the
impact of regional variation on the relationship of the
HC and SST.

4. Regional characteristics of the HC and tropical
zonal SST

Figure 6 shows the climatological and zonal-mean
profiles of the boreal summer SST in the ASM and non-
ASM regions. The zonal-mean profile of SST has an
equatorially asymmetric distribution in the ASM region,

increasing with increasing latitude in the SH, but re-
maining unchanged in the NH. In contrast, the zonal-
mean profile of SST within the non-ASM region
resembles the global mean. Moreover, the SST in the
NH within the ASM region is warmer than within the
non-ASM region. In this case, we see that the regional
HC in the two subregions shows different characteris-
tics. For example, the ascending branch is around 20°N
over the ASM domain, but around 10°N over the non-
ASM region (Fig. 7). Moreover, the intensity of the HC
in the ASM region is much greater than in the non-ASM
region. A stronger and broader HEA is seen over the
ASM region than that over the non-ASM region. The
spatial distribution of regional HES for the ASM region
shows a monopole in one hemisphere whereas it exhibits a
dipole structure for the non-ASM region. Moreover, the
intensity of HES in the ASM region is much stronger than
that in the non-ASM region. The distribution of the re-
gional HC mirrors the SST distribution; that is, warmer SST
favors stronger HC.

The variability of the regional SST is investigated
further to understand the linkage between the HC and
SST. Only the first two dominant modes of the SST over
the ASM region are statistically independent according
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FIG. 5. (a) Correlation distribution between the HEA PC1s and SST based on ERSST. The contour interval is 0.2,
and the zero contour is thickened. (b) As in (a), but for the correlations between the HES PC1s and SST. (c),(d) As
in (a) and (b), but based on HadISST. Shading indicates significance at the 0.05 level.

to North’s rule. The first leading mode is a homogeneous  accounting for 18% (19%) of explained variance (Fig. 8)
warming pattern, accounting for 45% (42%) of the ex- based on ERSST (HadISST). In the non-ASM region,
plained variance based on ERSST (HadISST). The the first three modes could be statistically significantly
second mode is an east-positive—west-negative pattern, separated based on HadISST, with explained variances
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of 46%, 15%, and 11%, respectively. The second mode
is similar to the named date line El Nifio (Larkin and
Harrison 2005), El Nifio Modoki (Ashok et al. 2007), or
the central Pacific El Nifio (Yu and Kao 2007) pattern
(figure not shown). The third mode is the named cold-
tongue mode (Li et al. 2015, 2017). However, the sec-
ond and third modes are not statistically independent
according to North’s rule based on ERSST. Given the
disagreement between the two SST datasets on the
second and third modes in the non-ASM region, only
the first leading mode is illustrated (Fig. 8c). The spatial
distribution of this mode resembles the classical El
Nifio pattern, accounting for 46% of the explained
variance.

Accordingly, the dominant variability of the regional
HC is examined. Over the ASM region, the EOF1 is
characterized by an equatorially asymmetric meridional
circulation, accounting for 60% of the explained vari-
ance (Fig. 9). The distribution of this mode is similar to
the principal mode of the boreal summer HC (Feng et al.
2011; Sun and Zhou 2014; Li and Feng 2017), but with
greater explained variance, implying that the dominant
variability of boreal summer HC is mainly due to the
meridional circulation over the ASM domain. In con-
trast, the EOF1 of the non-ASM HC is equatorially
symmetric, with the combined ascending branch around
the equator, and accounting for 37% of the explained
variance. The structure of this mode resembles the
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second dominant mode of the boreal summer HC (Feng
et al. 2011; Sun and Zhou 2014; Li and Feng 2017). This
result suggests that the variability of the HC in the non-
ASM region contributes to the second leading mode of
the global HC during boreal summer. The second domi-
nant modes for the regional HC in both the ASM and
non-ASM regions display a regional equatorially asym-
metric distribution with less explained variance (<20%;
figures not shown) and are not discussed.

The results above demonstrate that the equatorially
asymmetric variation of the boreal summer HC possibly
comes from the regional HC in the ASM region, while
the symmetric variation is related to the regional HC in
the non-ASM region. This point is further verified by the
statistically significant correlations between the associ-
ated PCls. The correlation coefficient of PCls between
the global HEA (HES) and SST in the ASM (non-ASM)
region is 0.39 (0.57), which is significant at the 0.05 level,
implying that the variation of HEA (HES) is related
to the SST variation over the ASM (non-ASM) region
(Table 1). However, the correlation of the PCls between
the global HES and SST in the non-ASM region is lower
than that between the global HES and global SES as
described above (i.e., 0.64) but is comparable with that
between the global HEA and global SEA (i.e., 0.34).

These results imply that the SST in the non-ASM region
is not the only contributor to the variation of HES but
that the SST EOF1 in the ASM region is mainly re-
sponsible for the HEA during boreal summer. The pos-
sible mechanisms linking the SST in the ASM (non-ASM)
region with the equatorially asymmetric (symmetric)
variation of HC are analyzed in the next section.

5. Possible mechanisms for the reduced response

To detect the global SST features associated with the
regional SST variations, the correlations between the
SST PCs in the ASM and non-ASM regions and global
SST are calculated. Significant positive correlations are
seen over the ASM domain and tropical Atlantic be-
tween the SST PC1 in the ASM region and the global
SST field (Fig. 10a). The significant correlations over the
tropical Atlantic are mainly due to the linear trends, as
they have largely disappeared in the detrended cor-
relations. However, the correlations in the ASM do-
main show little change in the detrended correlations
(Fig. 10b).

In contrast, an El Niflo-like pattern is seen in the
correlations between the SST PC2 in the ASM domain
and the global SST (Fig. 10c). A similar pattern is
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observed in the correlations between the SST PC1 in the
non-ASM region and global SST (Fig. 11a); that is, sig-
nificant positive correlations in the eastern Pacific and
Indian Oceans but negative correlations in the western
Pacific. The linkage of the SST EOF2 in the ASM region
to El Nifio is further verified by performing an EOF
analysis on the SST in the ASM region but linearly re-
moving the influence of El Nifio. It is found that the
EOF2 cannot be statistically separated while the ex-
plained variance of EOF1 is enhanced (i.e., 49%; figure
not shown).

The above result suggests that the two SST EOF
modes in the ASM region are associated with different
global SST spatial distributions, implying potentially
different impacts on the meridional circulation. This
point is supported by the regression of the correspond-
ing SST PCs against the global HC as shown in Fig. 12.
The variation of SST PC1 in the ASM region is con-
nected with an equatorially asymmetric meridional cir-
culation in the global meridional circulation, ascending
to the south of the equator and descending to the north
of the equator, indicating that the SST EOF1 in the
ASM region contributes to the variation of equatorially
asymmetric meridional circulation (Fig. 12a). Note that
the direction of this anomalous meridional circulation is
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opposite to the climatological distribution of the HEA,
suggesting that an intensification of the SST EOF1
would oppose the climatological HEA. The SST PC1
in the ASM region exhibits a significant upward trend
(Fig. 13), implying that an intensified anomalous
meridional circulation would occur, and opposite to the
climatological field. This anomalous circulation reduces
the intensity of the climatological HEA, supporting a
reduced ratio of the HC to SST.

Different from the variation of SST PC1 in the ASM
domain, both the SST PC2 in the ASM region and the
SST PC1 in the non-ASM region have an El Nifio-like
pattern, and the PCs are highly correlated with a corre-
lation coefficient of 0.63. Accordingly, these PCs generate
similar meridional circulation anomalies (Figs. 12b and
11b). An equatorially symmetric meridional circulation
is observed in the regression of their PCs with respect to
the global MSF and vertical motion; that is, ascent
around the equator but descent in the extratropics in
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each hemisphere. That is, the variation of SST EOF2
in the ASM region and SST EOF1 in the non-ASM
region are both responsible for the variation of
the HES.

On this point, it is clear that the variation of the SST
over the ASM domain contributes to the weakened ratio
of the HC to different SST meridional structures during
boreal summer. A homogeneous SST warming pattern
dominates the variability of the SST in the ASM domain,
and this warming is accompanied by an equatorially
asymmetric meridional circulation. However, the di-
rection of this anomalous circulation is opposite to the
climatological HEA, suggesting that a weakened HEA
would result. In contrast, the variations of the SST EOF2
in the ASM region and SST EOF1 in the non-ASM
region are responsible for the HES, and neither has a
significant linear trend (Figs. 13b,c). Consequently,
considering the overall effects of the SST PCs, the
ratio of the HC components to SST weakens during
boreal summer.

6. Discussion and summary

The ratio of the HC responses to different SST
meridional structures during the boreal summer is
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FIG. 12. (a) Regression pattern of the MSF (shaded) and ver-
tical motion (contours) with respect to the SST PC1 of the ASM
region. (b) As in (a), but for the regression with respect to the
PC2.

investigated using multiple atmospheric and SST data-
sets. The amplitude of the HC associated with the
equatorially asymmetric SST is consistently greater than
that with the equatorially symmetric SST, with a ratio
around 2. Note that the ratio is about 5 for the long-term
annual-mean interannual variation and about 4 during
the seasonal cycle. That is, the ratio of the HC associated
with different SST meridional structures is considerably
suppressed during boreal summer. Moreover, it is found
that the variation of the HEA is mainly correlated with
the SST in the ASM domain and with equatorially
asymmetric distributed correlations in the tropical Pa-
cific and Atlantic Oceans. Accordingly, the regional HC
and SST characteristics are examined further in the
ASM and non-ASM regions. The variability of SST in
the ASM region is dominated by two modes. The first
is a homogeneous warming pattern, connected with an
equatorially asymmetric HC that is of opposite direction
to the climatological distribution of HEA. The second
mode is related to an El Nifio-like pattern, which mir-
rors the SST EOF1 in the non-ASM region. The varia-
tion of this mode is accompanied by an equatorially
symmetric HC. However, only the SST EOF1 in the
ASM region exhibits a significant upward trend, which
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may weaken the variation of HEA and favors a de-
creased ratio of the HC to SST during boreal summer.
In addition, the EOF1 of the SST in the ASM domain
displays a homogeneous warming pattern, and we in-
vestigate whether this mode is a reflection of global
warming. We have further reexamined its variability by
removing the linear trend and found that the spatial
distribution of the first two modes shows little change,
but with smaller explained variance (Fig. 14 vs Fig. 8).
This result suggests that the SST EOF1 in the ASM re-
gion is somewhat influenced by global warming, but that
other factors may be more important. Therefore, it is
possible that the SST EOF1 is related to the variation of
the ASM. This point is further established by the sig-
nificant correlation between the SST PC1 of the ASM
region and the ASM intensity index. For example, using
the summer monsoon index defined by Li and Zeng
(2002, 2003; available via http://ljp.gcess.cn/dct/page/1),
the correlation coefficient between the SST PC1 of the
ASM region and the East Asian summer monsoon index
is —0.49, and it is —0.59 using the South China Sea
summer monsoon index. This suggests the hypothesis
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that the EOF1 of SST variability in the ASM region is
related to the variation of the ASM.

Moreover, it is shown that the HEA during boreal
summer is mainly related to the SST in the ASM do-
main, which is different from the result during the
equinox seasons (Feng et al. 2018). This result highlights
the important modulation of the relationship between
the HC and tropical SST by the ASM during boreal
summer. It is known that a strong ASM is associated
with negative SST anomalies within the ASM domain
that facilitate a strong thermal contrast between the land
and sea (e.g., Ding and Chan 2005; He et al. 2007).
However, the ASM has been in a weak interdecadal
phase in recent decades (He et al. 2007), favoring warm
SST in the ASM domain, which in turn may play a role in
affecting the ratio of the HC to SST. The modulation of
the ASM on the relationship between the HC and SST is
further verified based on the ERA-20C from 1948 to
2010. It is seen that the ratio of the HC to SST during
boreal summer in the period of 1948-2010 is greater
than that during 1979-2016 (Table 1). However, because
of the limitation of the present study, the possible role of
the interannual and interdecadal variation of the ASM
in affecting the ratio of the HC to different SST merid-
ional structures during boreal summer is left as an open
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question and will be discussed in our future work.
Meanwhile, while the role of energy flux transports in
impacting the variations of the HC has been explored in
recent research (Trenberth and Stepaniak 2003; Lu et al.
2014; Hill et al. 2015), it is of interest to further establish
the role of energy flux transports in determining the
meridional structure of SST, which in turn may contribute
to the variation of HC.

On the other hand, the results in the present study
provide further evidence that the associated variation
of the HC to the equatorially asymmetric SST is more
sensitive than to the symmetric SST, although with dif-
ferences in the exact magnitude with different datasets.
This point is consistently observed in the long-term an-
nual mean (Feng et al. 2016), seasonal cycle (Feng et al.
2017), transition seasons (Feng et al. 2018), and in bo-
real summer. Meanwhile, the equatorially symmetric
variation of the HC is mainly linked to El Nifio, while
the variation of the equatorially asymmetric compo-
nent of the HC is influenced by various climatic factors.
The simulation and prediction of El Nifio have signifi-
cantly improved in current coupled models (e.g., Jha
et al. 2014; Chen et al. 2016, 2017), which will help our
understanding of the equatorially symmetric variation
of the HC. Therefore, it is necessary to further un-
derstand the causes of the equatorially asymmetric
variation of the HC to facilitate a better understanding
of the HC.

Finally, the relationship between the HC and SST
during boreal summer is investigated in the present
study, focusing on the interannual variation. The si-
multaneous relationship between the HC and SST is
discussed. It is of interest to compare the result between
the Atmospheric Model Intercomparison Project and
Coupled Model Intercomparison Project phase simula-
tions to further understand the potential modulation
of the ASM on the linkage between the HC and SST.
Furthermore, sensitivity experiments need to be carried
out to understand the possible influence of the intensity
of the ASM on the relationship of the HC to SST during
boreal summer. In addition, this study highlights the
relationship between the HC and different SST merid-
ional structures, and it is expected that there may be
different climatic effects of the equatorially asymmetric
and symmetric variation of the HC, particularly on the
regional climate. This is still an open question that will
be focused on in future work.
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