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ABSTRACT

By decomposing the variations of the Hadley circulation (HC) and tropical zonal-mean sea surface tem-

perature (SST) into the equatorially asymmetric (HEA for HC, SEA for SST) and symmetric (HES for HC,

SES for SST) components, the varying response of the HC to different SSTmeridional structures under warm

and cold conditions of the Indo-Pacific warm pool (IPWP) is investigated over the period 1979–2016. The

response of the HC to SST evidences an asymmetric variation between warm and cold IPWP conditions; that

is, the response ratio of HEA to SEA relative to that of HES to SES is ;5 under warm conditions and ;2

under cold conditions. This asymmetry is primarily due to a decrease in the HEA-to-SEA ratio under cold

IPWP conditions, and is driven by changes in the meridional distribution of SST anomalies. Equatorial

asymmetric (symmetric) SST anomalies are dominated by warm (cold) IPWP conditions. Thus, variations of

SEA are suppressed under cold IPWP conditions, contributing to the observed weakening of the HEA-to-

SEA ratio. The results presented here indicate that the HC is more sensitive to the underlying SST when the

IPWP is warmer, during which the variation of SEA is enhanced, suggesting a recent strengthening of the

response of the HC to SST, as the IPWP has warmed over the past several decades, and highlighting

the importance of the IPWP meridional structures rather than the overall warming of the HC.

1. Introduction

The Indo-Pacific warm pool (IPWP) is the largest

warm water mass in the world, where the sea surface

temperature (SST) exceeds 288C year-round (Yan et al.

1992). The IPWP plays an important role in the atmo-

spheric circulation system by releasing its energy to the

atmosphere in the form of heat and water vapor, leading

to an extremely strong air–sea interaction in this region

(Xie et al. 2005; Duan et al. 2008). Globally, the IPWP is

one of the major suppliers of atmospheric heat and

water vapor, and also undergoes the most intense global

air convection, making this area an important source of

global climate anomalies (Li et al. 2013). The importance

of the IPWP in the evolution of atmospheric circulation is

summarized by the following two observations. First,

changes in SST in the IPWP, particularly for high SST,

affect the convergence of the atmosphere. The resulting

divergence and vertical motion have a great influence on

the global climate, and may directly affect the HadleyCorresponding author: Dr. Juan Feng, fengjuan@bnu.edu.cn
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circulation (HC) and Walker circulation (Sardeshmukh

and Hoskins 1988; Webster and Lukas 1992). Second,

because the IPWP is the most frequently convective area

in the world, convection changes in the IPWP can

trigger a series of global and regional climate phenomena

(Feng et al. 2013; Li et al. 2013). Therefore, variations

of SST in the IPWP play a fundamental role in the for-

mation of global climate anomalies and disasters (e.g.,

Williams and Funk 2011; Luo et al. 2012; Lo et al. 2014).

The HC is a thermally driven meridional circulation,

and is one of the most important and largest circulation

systems on the planet. In the vertical direction, the HC

features an ascending branch in the tropics combined

with two descending branches located in the subtropical

regions of both hemispheres. In the horizontal direction,

the HC is characterized by poleward mass transport in

the upper troposphere and equatorward mass transport

by the prevailing trade winds in the lower troposphere

(Quan et al. 2004). Thus, the HC bridges the lower and

upper troposphere, as well as the tropics and subtropics.

A change in either its spatial structure or intensity can

have great climatic effects. Therefore, it has frequently

been reported that the HC plays an important role in

climate processes at low, mid-, and high latitudes (e.g.,

Lindzen 1994; Chang 1995; Diaz and Bradley 2004; Feng

et al. 2013).

Over the past 60 years, observations have shown that

the IPWP has been warming and expanding, particularly

in recent decades (e.g., Alory et al. 2007; Rao et al. 2012;

Dong et al. 2014; Kidwell et al. 2017). Several studies

have investigated the possible causes and climatic ef-

fects of this warming. It has been suggested that the

observed warming is connected to the increasing fre-

quency of El Niño events (e.g., Cai et al. 2014), that both

air and ocean processes participate in IPWP warming

(Rao et al. 2012; Swapna et al. 2014), and that both

anthropogenic and natural forcing contribute to IPWP

warming (e.g., Dong et al. 2014; Roxy et al. 2014). Al-

though the cause of the continuous warming of the

IPWP remains ambiguous, these studies have confirmed

that the IPWP has been continuously warming over the

past 60 years. Given that the HC is a thermally driven

circulation, it is strongly influenced by underlying ther-

mal condition in the tropics. The potential influence of

IPWP warming on the HC has been explored. It was

found that IPWP warming contributed to a strengthen-

ing of the first dominant mode of the long-term vari-

ability of the seasonal HC (e.g., Ma and Li 2008; Feng

et al. 2011; Feng et al. 2013). Moreover, inhomogeneous

warming within the IPWP (i.e., a relatively higher

warming rate in the southern IPWP) could alter the

SSTmeridional gradient, which could in turn affect the

formation of the dominant mode of the seasonal HC

(Feng et al. 2013; Li and Feng 2017). This research

highlights the important role of the IPWP, particularly

the warming of the IPWP, on variations in the HC.

The HC depends not only on the intensity of the un-

derlying thermal conditions but also on the meridional

distribution of the underlying SSTs. Earlier theoretical

works have established that the meridional structure of

tropical SST determines the position and intensity of the

convergence (e.g., Schneider and Lindzen 1977; Rind

and Rossow 1984; Lindzen and Nigam 1987). Our recent

studies have demonstrated that equatorially asymmetric

(symmetric) meridional circulation is associated with

equatorially asymmetric (symmetric) SST anomalies based

on observational datasets and numerical experiments

(Feng et al. 2013; Feng and Li 2013). Moreover, we found

that the magnitude of the anomalous HC response to the

equatorially asymmetric SST is ;4 times greater than

that to the equatorially symmetric SST even if the in-

tensity of the SST is the same in both the interannual and

annual cycles (Feng et al. 2016a, 2017). The aforemen-

tioned findings highlight the importance of the meridio-

nal distributions of tropical SST to the response of theHC

to the SST.

Although the IPWP shows a strong warming trend

and plays an important role in the variability of the HC,

it is still unknownwhether IPWPwarming plays a role in

the response of the HC to SST and, if so, what mecha-

nisms are involved. Thus, the focus of this work is to

investigate the impact of the warm and cold IPWP sit-

uations on the sensitivity of the HC to different SST

meridional structures, while Feng et al. (2016a) focused

only on the response of the HC to SST without exam-

ining the modulation of the IPWP intensity. The re-

mainder of this paper is organized as follows. Section 2

describes the datasets and methodology. The influence

of the IPWP on the HC response to SST is presented in

section 3. A possible mechanism for this influence is

described in section 4. Finally, section 5 contains a dis-

cussion and conclusions.

2. Datasets and methodology

a. Datasets

Four atmospheric reanalysis datasetswere employed to

objectively evaluate the characteristics of the HC. These

datasets were from the Japanese 55-year Reanalysis

(JRA-55)with a horizontal resolution of 1.258 3 1.258 and
32 vertical levels (Kobayashi et al. 2015), the National

Centers for Environmental Prediction–Department of

Energy Atmospheric Model Intercomparison Project-II

reanalysis (NCEP-2) covering the period 1979–2016 on

17 vertical levels (Kanamitsu et al. 2002), the European

8972 JOURNAL OF CL IMATE VOLUME 31



Centre for Medium-RangeWeather Forecasts (ECMWF)

interim reanalysis [ERA-Interim (ERAI)] globally ar-

chived dataset that covers 1979–2016 with a resolution of

1.58 3 1.58 on 32 vertical levels (Dee et al. 2011), and the

ERA-40 data with a horizontal resolution of 2.58 3 2.58 on
18 vertical levels (Uppala et al. 2005). Two global SST

reanalysis datasets are used to examine the tropical SST

features as a comparison to verify the reliability of the

results. They are theMetOfficeHadleyCentre Sea Ice and

SST dataset (HadISST) with a 18 3 18 horizontal resolu-
tion (Rayner et al. 2003), and the ExtendedReconstructed

SST, version 3 (ERSST), with a 28 3 28 resolution (Smith

et al. 2008). The common available period of 1979–2016

based on NCEP-2 and JRA-55 was used to illustrate the

interannual influences of the IPWP on the response of the

HC to tropical SST. And the period 1958–2001 based on

ERA-40 was employed to outline the interdecadal influ-

ence of the IPWP on the response of the HC to SST.

b. Method

The HC is characterized by the mass streamfunction

(MSF). The detailed calculation of the MSF is seen in

Feng et al. (2016a). To evaluate the impacts of the IPWP

on the response of the HC to different SST meridional

structures, the variations of theMSF and zonal-mean SST

are decomposed into two components—that is, the

equatorially symmetric and asymmetric variations—

based on the linearly decompositionmethod according to

Feng et al. (2017). The symmetric and asymmetric com-

ponents of zonal-mean SST (referred as SES and SEA,

respectively, in the context) are obtained as follows:

SES(y)5
SST(y)1 SST(2y)

2
,

SEA(y)5
SST(y)2 SST(2y)

2
, (1)

The equatorially asymmetric and symmetric variations

of MSF are defined as follows:

HEA(y)5
MSF(y)1MSF(2y)

2
,

HES(y)5
MSF(y)2MSF(2y)

2
, (2)

where y is the meridional location north of the equator.

Note that the MSF is a two-dimensional variable without

x direction. To this point, the distribution of land–sea

would not contaminate the calculation of the MSF, nor

the decomposition. The detailed illustration and calcula-

tion of the aforementioned decomposition are displayed

in Feng et al. (2017). The relative response amplitude of

the HC to different SST meridional structures is consid-

ered according to the definition of a response ratio,

ratio5
Reg[PC1(HEA), PC1(SEA)]

Reg[PC1(HES), PC1(SES)]
, (3)

where PC1(HEA) refers to the first principal components

(PC) of the variability of HEA and the other variables

have similar meanings. The numerator (denominator) in

Eq. (3) depicts the response amplitude of theHEA(HES)

to the SEA (SES) by regressing the HEA PC1 with re-

spect to the SEA PC1. To this point, the variable ratio in

Eq. (3)depicts the relative change in the HC response to

SST. Even if different reanalyses are used, the possible

impacts of the different assimilation systems would be

counterpart for both the numerator and denominator

containing the variables of circulation and SST.

To demonstrate the difference in the response of the

HC to SST between warm and cold events, the areal-

averaged SST anomalies within the IPWP (IPWPI) is

taken as an index to select the warm and cold events.

Here, the scope 208S–208N, 408–1608E is taken as the

extent to identify the features of the IPWP. This is due

to the following three considerations: 1) this region in-

cludes the main body of the warm pool (figure not

shown); 2) to distinguish the possible influence from the

central Pacific, as could be seen below that SST anom-

alies during the warm and cold IPWP conditions are

different in the central Pacific. 3) The areal-averaged

monthly SST over other IPWP extent (i.e., 108S–208N,

608E–1808) is highly correlated with the IPWPI, with a

correlation coefficient of 0.6 (with a length of 456

months), indicating the chosen extent depicts the main

characteristics of the SST over the IPWP. The calendar

year is used to depict a cycle of IPWP event, in which the

monthly IPWPI above (below) plus (minus) one stan-

dard deviation for at least 6 months is defined as a warm

(cold) IPWP year. This gives six warm events (i.e., 1981,

1988, 1998, 2003, 2010, and 2016) and six cold events

(i.e., 1986, 1992, 1993, 1994, 2006, and 2008) during the

period 1979–2016. A same definition of the warm and

cold IPWP events but based on the domain (i.e., 108S–
208N, 608E–1808) would give four warm (1988, 1998,

2003, and 2016) and cold (1992, 1993, 1994, and 2008)

events. The four warm and cold events coincide with the

warm and cold events based on 208S–208N, 408–1608E.
And it is found that the ratio of theHC to SST during the

warm and cold events of the IPWP based on the four

events is consistent with the result shown in the context,

indicating the result shown is not subjected to the se-

lection of IPWP domain.

In addition, it is noted that five (i.e., 1988, 1998, 2003,

2010, and 2016) of the six warm events coincide with

the decaying phase of El Niño events, whereas only two

cold events (2006 and 2008) coincide with the decaying

phase of LaNiña events, indicating the important role of
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El Niño on the SST over IPWP as suggested in previous

studies (Lau and Nath 2003; Xie et al. 2009; Santoso et al.

2017). In addition, it is seen that with respect to the

asymmetric influences of ElNiño and LaNiña on the SST
over the IPWP, five of the sixwarm IPWPevents coincide

with the occurrence of El Niño, while only two cold

IPWP events coincide with La Niña. Three of the cold

events (i.e., 1992, 1993, and 1994) follow the 1991 Mount

Pinatubo eruption, which is the second largest eruption in

the twentieth century, resulting in a global-scale cooling

after several years following the eruption (Xiao and Li

2011; Zhang et al. 2018). These six warm and six cold

events constitute the subsets of warm and cold events with

lengths of 72 (6 events3 12months per year) months, and

the 38 calendar years (i.e., from 1979 to 2016) constitute

the whole study period with a length of 456 (38 3 12)

months in the following analysis. It should be noted that

the warm (cold) IPWP events are discontinuous in time;

the annual cycle and linear trend before constructing the

warm and cold subsets have been removed to reduce the

possible influences of the discontinuity and continuously

warming of the IPWP (figures not shown). The climatol-

ogy to construct the anomalies is referenced to the entire

38 years, as well as the linear trend.

Empirical orthogonal function (EOF) analysis was

used to detect the dominantmode of theHCandmonthly

zonal-mean SST during the warm (cold) IPWP events.

Composite analysis was used to compare the associated

SST anomalies related to the warm and cold IPWP con-

ditions. To investigate the source of the differences be-

tween the warm and cold IPWP events, instead of the

commonly used composite method, we calculated the

sum of the anomalies during the warm and cold events

(both are with a length of 72 months) to highlight the

possible origin of their associated distinctions. Correla-

tion and regression analyses were employed to investi-

gate the relationship between the HC and SST. The

statistical significance of the correlation, regression, and

composite values were evaluated bymeans of a two-sided

Student’s t test.

3. Interannual influence of the IPWP on the HC
response to SST

a. Variations in the HEA and HES

The equatorially asymmetric and symmetric HC var-

iations were obtained according to the aforementioned

decomposition. Figure 1 shows the climatology and the

first EOF mode (EOF1) of the HEA and HES during

warm IPWP events over the period 1979–2016. Because

the decomposition of the asymmetric and symmetric

components is based on the position of the equator, the

value of the HES at the equator is always zero. The

JRA-55, NCEP-2, and EARI datasets were used to

validate the reliability of the dominant modes of HEA

and HES interannual variability. The climatological HEA

based on the three reanalyses has a similar structure,

with ascending motion to the north of the equator and

descending motion to the south of the equator. The cli-

matological HES based on the three reanalyses has a

consistent structure, with two comparable cells on the

flanks of the equator, showing a common ascent over the

equatorial belt and descent over the subtropics in each

hemisphere (Feng et al. 2016a). The extents of the cli-

matological HEA and HES are comparable, but the in-

tensity of the HES is greater than that of the HEA. The

EOF1 of HEA has a similar spatial structure, but the

extent is narrower compared with its climatology, with

ascending motion around 108N and descending motion

around 108S. The EOF1 of HEA accounts for ;50% of

the total variance, being more concentrated than that

during the entire study period (;30%; figures not

shown). The spatial distribution of the HES EOF1

follows its climatological structure, accounting for;40%

of the total variance. The spatial structures and explained

variance of the dominant modes for both the HEA and

HES are in good agreement across the three reanalyses,

indicating the reliability of the results. As to the intensity

of the EOF1, since the EOF is based on the anomalies,

the spatial distribution of the EOF modes and its corre-

sponding PCs should be considered together to depict the

magnitude of the EOF modes. It is seen that the ampli-

tude of the HEA (HES) PC1s based on NCEP-2 is about

2 times that based on JRA-55 and ERAI (figures not

shown); that is, the variability of the corresponding EOF

modes is comparable across the three reanalyses.

The EOF1 ofHEAandHES during cold IPWP events

is shown in Fig. 2. The climatology distribution of the

HEA and HES during cold IPWP events is similar to

those during warm events. However, compared with the

case during warm IPWP events, a broader HEA EOF1

extent with a smaller explained variance is observed for all

the reanalyses. However, the intensity and the explained

variance of the HES EOF1 are similar to those of warm

IPWP events, with a broader extent during the cold

events. These results imply that the variability of theHEA

is more sensitive to IPWP thermal conditions than is that

of the HES; that is, cold IPWP conditions may suppress

the variation of the HEA but not that of the HES.

b. Variations in the SEA and SES

Figure 3 displays the principal mode of the SEA and

SES during warm and cold events based on the ERSST

and HadISST datasets. The two reanalyses are consis-

tent in their spatial distributions. The EOF1 of SEA

indicates a sinusoidal variation, with positive values in
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the Northern Hemisphere (NH) and negative values in

the Southern Hemisphere (SH) during both warm and

cold events. Note that the EOF1 during warm events

has a maximum (minimum) around 108N (108S), corre-
sponding to the locations where the meridional gradi-

ent of SST changes from positive (negative) to negative

(positive), and parallel to the location of the ascending

(descending) branch of the HC according to the relation

of meridional wind and SST described in Feng and Li

(2013). The deduction here is consistent with the as-

cending and descending positions shown in Fig. 1.

However, the spatial distribution of the SEA EOF1

during cold events is much flatter and lacks an evident

peak in the range 208S–208N, favoring a broader HC,

as shown in Fig. 2. In addition, uncertainties exist in

the explained variance of this mode; that is, enhanced

explained variance during cold IPWP events is seen for

ERSST, while the opposite is observed for HadISST.

The EOF1 of the SES exhibits a parabolic-like vari-

ation centered at the equator during both the warm and

cold IPWP events. Note that the peak value at the

equator during the cold IPWP events is larger than that

during the warm events, indicating a broader meridi-

onal circulation (Feng et al. 2013; Feng and Li 2013),

explaining why the extent of the HES EOF1 is broader

during cold IPWP events. The explained variance of

FIG. 1. (a) The EOF1 of the monthly HC based on JRA-55 (contours), and the climatological distribution of the

HEA (shaded) during thewarm IPWP events. The contour interval is 0.033 1010 kg s21. Solid (dotted) contours are

positive (negative), and the zero contour is thickened. (b),(c) As in (a), but based on NCEP-2 and ERAI, re-

spectively. (d)–(f) As in (a)–(c), but for the HES.
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the SES EOF1 is consistently enhanced during warm

events compared with that during cold events in both

the ERSST and HadISST datasets, consistent with the

association of El Niño events with equatorial sym-

metric SST anomalies within the tropics (Cane and

Zebiak 1985). It should be noted that five of the six warm

events coincided with El Niño events. Thus, the SES

component is enhanced during warm IPWP events,

leading to the decreased explained variance of the SES

EOF1 during cold IPWP events.

c. Response ratio of the HC to SST

The aforementioned results demonstrate that both

the spatial distributions and the explained variance of

the dominant modes of HEA and HES, as well as SEA

and SES, undergo certain changes between warm and

cold IPWP events, regardless of whether the HC re-

sponse amplitudes to different SST meridional struc-

tures in the two situations differ. Figure 4 presents

scatterplots of the PC1 of SEA against HEA, and of SES

against HES during the warm and cold IPWP events,

based on the ERSST and JRA-55 datasets. The NCEP-2

and HadISST datasets led to similar results (not shown;

Table 1). The variation of HEA (HES) is significantly

linearly correlated with SEA (SES). Moreover, the re-

sponse coefficient of HEA to SEA is largely suppressed

during cold IPWP events; that is, a 1-unit change in SEA

is associated with an 83-unit change in the HEA during

warm events, but with a 29-unit change during cold

events. However, the response coefficients of HES to

SES undergo little change; that is, a 1-unit change in SES

is associated with a 14-unit change in HES during both

FIG. 2. As in Fig. 1, but for the distribution during the cold IPWP events.
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warm and cold IPWP events. This result is consistent

across the different reanalyses, as shown in Table 1,

suggesting that the response of HEA to SEA is largely

suppressed during cold IPWP events. Thus, the response

contrast of the HC to different SSTmeridional structures

is distinct between the warm and cold IPWP events; that

is, it is about five during warm events among the different

reanalyses, whereas it is about two during cold IPWP

events (Table 1). The response contrast of the HC to SST

during warm events is equivalent to that of the long-term

interannual variation in the seasonal cycle, as previously

reported (Feng et al. 2016a, 2017). These results imply

that the HC is not as sensitive to underlying thermal con-

ditions during cold IPWPevents as it is duringwarmevents.

The aforementioned results indicate that the HC re-

sponse to different SST meridional structures varies with

thermal conditions. The suppressed response contrast of

theHC to SST is primarily due to the suppressed response

of equatorially asymmetric variations. Potential causes for

the suppressed influence of equatorially asymmetric var-

iations will be discussed in the following section.

4. Possible mechanisms for the varied ratio

To explore potential mechanisms for the suppressed

response contrast of the HC to different SST meridional

structures under cold IPWP conditions, we first examined

the associated anomalous SST patterns under warm and

cold IPWP conditions (Fig. 5). Warm IPWP conditions

are accompanied by significant positive SST anoma-

lies over the IPWP, tropical Atlantic, and southeastern

Australian coastal regions (Fig. 5a). Negative SST anom-

alies are seen over the tropical eastern and central Pacific

duringwarm events. In contrast, an insignificant ElNiño–
like pattern is observed during cold events, with no sig-

nificant positive SST anomalies in the eastern and central

Pacific, but with significant negative SST anomalies over

the IPWP (Fig. 5b). A comparison between warm and

cold conditions reveals the following distinct differences.

First, the magnitude of SST anomalies under warm and

cold IPWP conditions is not equivalent, particularly within

the IPWP. The equatorial flanks of the IPWP are associ-

ated with positive SST anomalies in general (Fig. 5c), in-

dicating the magnitude of SST anomalies associated with

warm IPWP conditions is greater than that under cold

conditions. Second, the magnitude of the warming in

the southern IPWP is greater than that in the northern

IPWP, indicating an inhomogeneous change occurs across

the northern and southern IPWP, which in turn would in-

duce an anomalous meridional gradient of SST within the

IPWP. This is further verified by the zonal-mean SST

profiles within the IPWP domain (Fig. 6). Under warm

IPWP conditions, the magnitude of warming in the south-

ern IPWP is greater than in its northern counterpart. The

maximumwarming occurs around 108S, and the minimum

warming occurs near the equator. The convergence in the

FIG. 3. (a) The EOF1 of the SEA during the warm IPWP events. (b) As in (a), but for the SES. (c),(d) As in

(a) and (b), respectively, but for the distributions during the cold IPWP events. The red and blue lines indicate the

ERSST and HadISST datasets, respectively.
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lower troposphere is subject to the meridional gradient

of SST (Feng et al. 2013; Feng and Li 2013), indicating

an anomalous equatorially asymmetric meridional circu-

lation associated with this anomalous SST distribution.

The anomalous equatorially asymmetric circulation favors

an intensified equatorially asymmetric component of the

HC, contributing to the enhanced explained variance of

the HEA EOF1 compared with that in the entire period.

For that the EOF1 explains;30% of the variance for the

HEA across the three reanalyses during the entire study

period, whereas it is around 50% during the warm IPWP

events. However, the zonal-mean SST profile under cold

IPWP conditions is equatorially symmetric in general, with

the maximum at the equator. Therefore, an equatorially

symmetric anomalous meridional circulation would be

associated with this type of SST anomaly. The associated

anomalous circulation would counterbalance the equa-

torially asymmetric variation of the meridional circu-

lation, leading to a suppressed explained variance for

HEA EOF1 under cold IPWP conditions, as described

in section 3 (Fig. 1 vs Fig. 2), and contributing to the

suppressed response contrast of theHC to SST. Different

meridional distributions of SST anomalies under warm

and cold IPWP conditions provide a potential expla-

nation for the suppressed response of the HC to SST

during cold events. This is further verified by the sum

of the warm and cold IPWP conditions, which supports

this potential source of the differences between the

warm and cold events. An evident equatorially asym-

metric SST distribution is seen in the sum of the warm

and cold IPWP events, with the maximum around 108S
and the minimum around 108N (Fig. 6c). To further

TABLE 1. Regression coefficients between the HEA (HES) PC1 and the SEA (SES) PC1, and their ratio calculated using the various

reanalysis datasets. ASY 5 asymmetric. SYM 5 symmetric.

Types Dataset

ERSST HadISST

ASY SYM Ratio ASY SYM Ratio

Warm events JRA-55 82.78 14.09 5.9 44.29 8.99 4.9

NCEP-2 35.17 7.06 5.0 20.59 4.36 4.7

Cold events JRA-55 28.72 14.50 2.0 12.34 9.34 1.3

NCEP-2 14.09 7.82 1.8 5.63 5.26 1.1

Warm phase ERA-40 18.00 5.89 3.1 17.37 3.43 5.1

Cold phase ERA-40 7.25 4.33 2.0 4.35 2.59 1.7

FIG. 4. (a) Scatterplot of the PC1 values of the SEA against the PC1 values of the HEA during the warm events

(circles) and their linear fit (red squares). (b) As in (a), but for the scatterplot of the PC1 values of the SES against

the PC1 values of the HES. (c),(d) As in (a) and (b), respectively, but during the cold events.
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verify the role of this SST anomaly on the meridional

circulation, a meridional SST gradient index (MSGI)

within the IPWP is defined as follows:

MSGI5 SST
(082208N,40821608E)

2 SST
(208S208,40821608E)

. (4)

The relationship between the IPWPI and MSGI is not

significant, with a correlation coefficient of 20.05. The

influence of the anomalous SST meridional gradient

within the IPWP on the meridional circulation was further

FIG. 5. Composite SST anomalies during the (a) warm and

(b) cold IPWP events. (c) Sum of the SST anomalies during the

warm and cold events. Solid and dotted contours indicate cor-

relations significant at the 0.05 significance level.

FIG. 6. Profiles of SST anomaly averaged over the IPWP during

the (a) warm and (b) cold events, and (c) sum of the warm and

cold events (8C). The red and blue lines indicate the ERSST and

HadISST datasets, respectively.
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established by determining the regressions between the

MSGI and the meridional circulation in terms of the MSF

and zonal-mean vertical motion (Fig. 7). The regression

pattern indicates an equatorially asymmetric circulation,

with ascent located around 108N and descent around

108S, which is consistently observed in both the vertical

motion and MSF. This indicates that the meridional cir-

culation connected with the MSGI is equatorially asym-

metric.Moreover, we note that themeridional distribution

in the sum of the warm and cold events is similar to the

distribution during warm events, suggesting the difference

between the warm and cold events is mainly driven by the

warm events.

In addition, there are significant negative SST anom-

alies over the North Pacific (308–508N, 1408E–1308W)

during warm IPWP events, but no significant signal

during cold IPWP events (Fig. 5). The difference be-

tween the warm and cold IPWP events in the North

Pacific is further seen in the sum of the warm and cold

events (Fig. 5c). We examined the SST variation over

this region and found that the evolution of SST over the

North Pacific undergoes a varying seasonal evolution

(Fig. 8). The results from two SST reanalyses indicate

that the amplitude of SST anomalies over the North

Pacific are larger during warm IPWP events and that

there are negative SST anomalies year-round during

warm IPWP events. The area-averaged SST over the

North Pacific was employed to further investigate its

possible influence on the meridional circulation (figure

not shown). However, the associated meridional circu-

lation is not significant in either the vertical motion or

theMSF, suggesting the influence of SST over the North

Pacific on the HC is limited.

The results presented above suggest that the differ-

ence in the response ratio of the HC to different SST

meridional structures is primarily due to the associated

SST anomalies within the IPWP; that is, different SST

meridional distributions are associated with warm and

cold IPWP conditions. Warm IPWP conditions are as-

sociated with an inhomogeneous meridional distribu-

tion, with greater amplitude in the southern IPWP, that

induces an equatorially asymmetric circulation. Con-

versely, the meridional distribution of SST is equato-

rially symmetric during the cold IPWP conditions,

suppressing the variation of the equatorially asym-

metric component of the HC.

5. Discussion and summary

Using recent 38-yr reanalysis datasets, we investi-

gated the influence of the IPWPon the response contrast

of the HC to different SST meridional structures by

FIG. 7. Regression pattern of the (a) MSF and (b) vertical mo-

tion with respect to theMSGI. Shading indicates significance at the

0.05 level. FIG. 8. (a) Seasonal cycle of the areal-mean SST anomalies

within the North Pacific (308–508N, 1408E–1308W) in the warm

(red) and cold (blue) events based on the ERSST dataset. (b) As in

(a), but based on the HadISST dataset.
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detecting the response characteristics of the HC to SST

under warm and cold IPWP conditions. It was found that

the response contrast of the HC to different SST meridi-

onal structures differs between warm and cold IPWP

conditions. The response contrast of HC to SST during

warm IPWP events is comparable to that of the long-term

and seasonal cycles, as previously reported. However, it is

generally suppressed under cold IPWP conditions. This

result implies that the HC is more sensitive to the un-

derlying thermal structures when the IPWP is warmer.

Because the IPWP has been warming over the past 60

years (Rao et al. 2012; Feng et al. 2013), the results of

this study suggest that the response ratio of the HC to

tropical SST may have been recently enhanced, partic-

ularly as it relates to equatorially asymmetric variations

under the influence of the continuous IPWP warming.

And it is highlighted that it is the meridional structures

that play an important role in impacting the response

of the HC to SST rather than the overall warming

conditions.

A potential cause of the suppressed response of the

HC to SST during cold IPWP events was also explored.

It was found that the meridional distribution of SST

anomalies within the IPWP under cold conditions is

equatorially symmetric, in general. However, this was

not the case for warm IPWP events, during which a

larger amplitude in the southern IPWP was observed.

Moreover, the distinction between warm and cold SST

events were primarily located in the IPWP, with similar

spatial distributions to those displayed during warm

IPWP events. However, the sum differences of the

warm and cold IPWP events were accompanied by an

equatorially asymmetric meridional circulation, favor-

able for the intensification of the HEA EOF1. These

results highlight the importance of differences in the

meridional distributions of anomalous SST within the

IPWP between warm and cold IPWP events to the re-

sponse contrast of the HC to SST. In addition, another

significant difference between the warm and cold IPWP

events was found in the North Pacific; however, it sug-

gests that the relationship between SST over the North

Pacific and the HC is insignificant. It is thus concluded

that the differences in the response of the HC to SST

between warm and cold IPWP events are primarily due

to differences in SST meridional anomalies within the

IPWP. Although, a significant signal over the tropical

Atlantic is also observed (Fig. 5), it is not as extensive

as the IPWP; the possible influences of the tropical

Atlantic Ocean on the response of the HC to SST

warrant further work.

As reported in previous studies, El Niño events have

important impacts on SST over the IPWP. It is unknown

whether the results presented here were contaminated

by El Niño effects. We further detected the impacts of

the IPWP on the response of the HC to SST by em-

ploying long-term datasets. Because the IPWP has un-

dergone continuous warming, and a long-period analysis

may be influenced by this linear trend, we selected two

subperiods—1958–72 and 1987–2001—as the cold and

warm phases of the IPWP, respectively, and compared

the response of the HC to SST between the two subpe-

riods. Here, the two subperiods were selected based on

the availability of ERA-40 data, because the National

Centers for Environmental Prediction–National Center

for Atmospheric Research is limited in its ability to

capture the seasonal cycle of the HC (Feng et al. 2016b,

2017). The results based on the HadISST and ERSST

datasets were similar, and only the results based on the

ERSST and ERA-40 datasets are shown (Fig. 9). The

response coefficient of the HEA to SEA is much smaller

during the cold phase than during the warm phase (7.25/

4.35 vs 18.00/17.37), and the response coefficient of

the HES to SES changes little (4.33/2.59 vs 5.89/3.43)

between the warm and cold phases based on ERSST/

HadISST (Table 1). Accordingly, the response contrast

of the HC to different SST meridional structures is

about 4 (the average of the ERSST and HadISST)

during the warm phase, but about 2 during the cold

phase. In addition, the response of the HC to SST but

based on the high-pass filter (11-month Gauss filter)

during the warm and cold phases is further examined.

The regression coefficient of the HEA PC1 (HES PC1)

to the SEA PC1 (SES PC1) is 23.90 (6.14) during the

warm phase of the IPWP, and it is 6.17 (4.31) for the

cold phase based on ERSST and ERA-40 (figure not

shown); that is, the ratio is 3.9 (1.4) during the warm

(cold) phase, and it is 5.5 (1.3) based on HadISST and

ERA-40. This further establishes the decreased re-

sponse contrast of the HEA to SEA under cold IPWP

conditions, resulting in a suppressed response contrast

of the HC to SST.

In addition to the role El Niño plays in affecting the

SST over the IPWP, it has also been reported that SST

over the IPWP influences the occurrence of El Niño
events (Sun 2003). It has also been noted that a warm

Indian Ocean may contribute to a weakening of an El

Niño event during its development and termination

phases (Kug and Kang 2006; Luo et al. 2012). It is thus

difficult to distinguish the respective roles of the IPWP

and El Niño on the basis of the response contrast of the

HC to SST. Although multiple reanalyses are available

post-1979, the number of warm and cold IPWP events

without coincident El Niño events is relatively small.

Over longer periods, the available dataset is limited

for such a comparison. Therefore, further work will

be performed using numerical models to detect the
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modulation of the IPWP, and the combined modulation

of the IPWP and El Niño on the response contrast of the

HC to SST.

We have demonstrated that SST meridional distri-

butions within the IPWP have different characteristics

between warm and cold events; however, the cause of

this difference remains unknown. Previous studies have

noted differences in the warming trends between the

eastern and western IPWP (e.g., Hu and Hu 2013; Rao

et al. 2012; Roxy et al. 2014), and in the zonal gradient of

SST within the IPWP (Hu and Hu 2013). However, the

meridional gradient within the IPWP has received less

attention. Our previous work found that the southern

and northern IPWPhave different warming trends, which

could contribute to the formation of the principal mode

of the HC (Feng et al. 2013; Li and Feng 2017). In addi-

tion, the importance of themeridional gradient of SST on

lower-level convergence and vertical circulation has been

confirmed in earlier work (Lindzen and Nigam 1987). A

further exploration of the cause of the inhomogeneous

warming between the southern and northern IPWP will

facilitate a better understanding of its impacts on the

regional and global circulation and climate.

The focus of this work is the global-mean HC; how-

ever, the meridional circulation shows strong regional

and seasonal characteristics. For example, during the

monsoon, the ascending branch of the HC within IPWP

can move to 158N or even farther northward (Li and

Zeng 2002; An et al. 2015; Feng et al. 2018). At the same

time, the onset of the monsoon causes a strong air–sea

feedback within the IPWP. The response of the HC

to SST will definitely differ between monsoon and

nonmonsoon periods, and between monsoon and

nonmonsoon regions. Therefore, an exploration of the

response of the HC to SST in different regions and

different seasons, including the feedbacks of SST on

circulation, and a comparison of the differences and

similarities that exist in various ocean basins and during

different seasons, is required to understand variations

in the regional and global HC. Meanwhile, only the

situation in the global mean is considered; the HCmay

be influenced by land conditions as well. Therefore,

whether the land temperature is significantly different

during warm and cold IPWP years, and does the HC

exhibit significant regional changes away from the open

ocean region, these questions are still unresolved and

need further work.

In addition, the linear relationship between the HC

and tropical SST is investigated; however, previous

works have shown that the observed SST–rainfall rela-

tionship is highly nonlinear. For example, Gadgil et al.

(1984) reported SST and cloudiness correlated well for

the relatively colder oceans; however, SST ceases to be

an important factor in determining the variability of

FIG. 9. As in Fig. 4, but for the result during the (top) warm phase during 1997–2001 and (bottom) cold phase during

1958–72 of the IPWP.
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cloudiness when it is above 288C.A similar SST threshold

has been illustrated in Graham and Barnett (1987) but

with a value of 27.58C. And, it is indicated that a recent

warming of the tropical SST could raise the SST threshold

conducive to convection itself (Johnson and Xie 2010).

Therefore, it is of interest to further investigate whether

the decreased ratio of theHC to different SSTmeridional

structures during the cold IPWP is related to the reported

SST threshold, and to what extent does the SST threshold

contribute to the altered ratio.

Finally, knowing the sensitivity of the HC to different

SST meridional structures provides a useful method to

evaluate the performance of state-of-the-art general

circulation models (GCMs) and to assess simulations of

the models from phase 5 of the Coupled Model Inter-

comparison Project (CMIP5). Further work will inves-

tigate the capability of the CMIP5 models to reproduce

the response contrast of the HC to different SST forcing

during warm and cold IPWP conditions, and to predict

variations in the HC under future scenarios.
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