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Abstract: The Indo-Pacific warm pool (IPWP) is enclosed by a 28 ◦C isotherm and plays a vital
role in controlling atmospheric circulations. However, the effects of changes in regional warm
pool sea surface temperatures (SSTs) remain unexplored. We divided the IPWP into the Indian
and Pacific sectors and distinguished their responses to natural variability and global warming.
Furthermore, we examined the impacts of the interannual variability (IAV) in warm pool SST on
the tropical Hadley, Walker, and monsoon circulations. The Hadley circulation was affected by
warm pool SST warming, i.e., warmer SSTs over the warm pool strengthened the upward branch of
Hadley circulation, whereas the downward branch was respectively weakened and strengthened
in the Northern and Southern Hemispheres. Walker circulation was strengthened (weakened) in
the warming (natural) mode. Consequently, the Walker circulation is weakened since the natural
variability of warm pool SST plays a more dominant role rather than the warming trend of SSTs over
the warm pool. Furthermore, our analysis displays that warm pool warming has little impact on the
monsoon circulation. Our findings highlight the different roles of the IAV of warm pool regions in
each tropical circulation as part of the warming trend and natural variability.

Keywords: warm pool intensity; Hadley circulation; Walker circulation; monsoon circulation

1. Introduction

The Indo-Pacific warm pool (IPWP), comprising the eastern tropical Indian and western tropical
Pacific Oceans, straddles the equator and adjacent regions. It is the largest expanse of warm water
with sea surface temperatures (SSTs) consistently exceeding 28 ◦C [1–3], which is the threshold
temperature for atmospheric deep convection [4,5]. The IPWP plays a key role as a major energy
source, supplying heat and water vapor through deep convection, which leads to intense air–sea
interactions [6–8]. Thus, this warm pool can elucidate ocean–atmosphere couplings [9,10]. In particular,
the IPWP plays two important roles in the global climate. First, since saturation vapor pressure is
an exponential function of SST [5,11], the intensity of atmospheric deep convection is influenced
by changes in IPWP SST. This may cause global climate anomalies and disasters due to unstable
atmospheric conditions [12–14]. Second, SST variations in the IPWP are closely linked to upward
motion. Even small variations in IPWP SST can bring about considerable changes in the global climate
and may directly affect Hadley and Walker circulations [12,15–17].

The warm pool SST interacts with others (such as El Niño–Southern Oscillation (ENSO) and
Pacific Decadal Oscillations (PDO)) and contributes to climate variability at interannual, decadal,
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and millennial scales [18–21]. Quinn et al. [22] found that interannual variability (IAV) in the western
Pacific warm pool is closely related to ENSO variation based on coral δ18O and Sr/Ca time series
data. Lin et al. [20] showed that the thermal variations in the IPWP are mostly influenced by the
PDO. Long-term thermal and hydrological fluctuations in the IPWP have been spotlighted since the
early 2000s. From the last glacial period to the Holocene, an intimate relationship has been observed
between the IPWP SST, Asian–Australian monsoon system, and sea level [23–25]. During cold events,
the warmer southern part of the IPWP weakens the southern hemispheric limb of the Hadley circulation,
decreasing the Asian monsoon rainfall [14]. Although efforts have been made to understand the IAV in
each warm pool, the role of IAV in warm pool SST in tropical circulations remains poorly understood.

Most studies have focused on the Pacific warm pool (PWP) [1,25–27], but the Indian warm pool
(IWP) is also an important part of IPWP. Several studies have examined the seasonal variations and
IAV in warm pool properties and compared the Pacific and Indian Oceans [28,29]. Kim et al. [28]
indicated that the PWP and IWP differ in terms of size, mean and maximum SST, and latitudinal and
longitudinal centers. On a seasonal timescale, the IWP has a distinctive seasonal cycle in terms of mean
and maximum SSTs and size, whereas the IAVs in the IWP and PWP are comparable. Besides, the edge
location of the warm pool changes seasonally, but only longitudinal displacements are delicate to IAVs.
Furthermore, the seasonal variability in the Pacific Ocean is controlled by the annual orbit of the sun,
and the Indian Ocean is affected by the Indian summer monsoon [28,30]. Therefore, research on each
warm pool region is urgently needed.

The IPWP is particularly vulnerable to anthropogenic greenhouse forcing [31–33], and IPWP SST
is expected to increase [34]. With global warming, warmer warm pool SST can affect atmospheric
circulation. According to Feng et al. [17], Hadley circulation is more sensitive to a warmer IPWP
than a colder IPWP. Thus, continuous IPWP warming renders the Hadley cell more sensitive to
tropical SST [17]. IPWP warming since the 1950s has been proposed to intensify Hadley circulation
during boreal winter [35]. Besides, a large ensemble of model simulations has shown that internal
variability plays a dominant role in the recent strengthening of the Pacific Walker Circulation (PWC).
The Interdecadal Pacific Oscillation (IPO) and Atlantic Ocean warming are suggested to be the main
factors affecting changes in the PWC [36]. Therefore, the modulations of each circulation arise from
different conditions. In this study, we investigated the impacts of IAVs in the IPWP, IWP, and PWP
on tropical circulations, namely Hadley, Walker, and monsoon circulations, via linear trends and
detrended parts thereof.

The remainder of this paper is organized as follows. In the next section, we describe the dataset
and definitions used in this study. In Section 3, we examine SST trends in each warm pool region and
their IAVs. Section 4 presents the relationship between warm pool intensity and tropical circulations
with or without a linear trend. Finally, Section 5 discusses and summarizes the results.

2. Data and Methods

We used monthly mean zonal wind at 850 and 200 hPa and omega at 500 hPa, provided by the
European Center for Medium-Range Weather Forecasts (ECMWF) Interim reanalysis products [37].
Monthly precipitation was obtained from the Global Precipitation Climatology Project version 2.3
(GPCPv2.3) with a 2.5◦ × 2.5◦ horizontal resolution [38]. For SST analysis, the Hadley Centre Sea Ice
and Sea Surface Temperature (HadISST) [39] was used. Also, we used interpolated outgoing longwave
radiation (OLR) monthly data retrieved from the National Oceanic and Atmospheric Administration
(NOAA) satellite series [40]. All datasets were interpolated onto a 2.5◦ grid through a bilinear
interpolation technique for the period from 1979 to 2018.

Figure 1a,b show the warm pool regions where SSTs are above 28 ◦C climatologically. One is
the IPWP and the other is the tropical Western Hemisphere warm pool near the Intra-Americas Sea
(Figure 1a,b). In this study, we only focused on the IPWP. To investigate regional warm pool SST,
the IPWP was divided into Indian and Pacific sectors. According to Weller et al. [41], the IPWP region
is delineated by the 28 ◦C isotherm between 25◦ S–25◦ N and 40◦ E–130◦ W. The IWP and PWP were
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distinguished by the 120◦ E meridian (Figure 1a) [41]. The warm pool intensity was defined by the
averaged SST anomaly within each warm pool region. A 12-month annual mean was subsequently
calculated from June to following May for the successive ENSO effect.
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Figure 1. Indo-Pacific warm pool (IPWP) regions delineated by 28 ◦C isotherm between 25◦ S–25◦

N and 40◦ E–130◦ W (black solid lines). IPWP was divided into Indian and Pacific sectors by 120◦

E meridian. (a) The trend of sea surface temperature (SST) from 1979 to 2018 (shading, K/40 years).
(b) The interannual variability of detrended SST during the same period (shading). (c) Time series
of each normalized warm pool intensity (solid lines) with their respective trends (dashed lines).
The 12-month annual mean was implemented for the warm pool intensity. (d) Detrended time series of
each normalized warm pool intensity. Blue, red, and sky-blue lines indicate the IPWP, Indian warm
pool (IWP), and Pacific warm pool (PWP), respectively.

To identify the features of large-scale tropical circulations, such as the Hadley, Walker, and monsoon
circulations, a velocity potential of 200 hPa was used. The velocity potential of the upper troposphere
can represent the large-scale characteristics of the tropical circulations and the overall intensity [42].
The centers of regions with positive (negative) velocity potential at 200 hPa denote the upper-level
divergence (convergence), respectively. To compare and quantify intensities of three different
atmospheric circulations, the intensity of each circulation is defined by their peak values of velocity
potential referred to Tanaka et al. [42]. For the sake of simplicity, the unit of the velocity potential
was quantified as 105 m2 s−1. Based on the space–time domain, the velocity potential in the upper
troposphere can be separated into three parts, following linear combinations of three orthogonal spatial
patterns which are introduced by Tanaka et al. [42]:

χ (t, x, y) = [χ (t, y)] + χ ∗ (t, x, y),
= [χ (t, y)] +χ*(x, y) + χ*’(t, x, y).

(1)

The first line of the equation indicates that the upper-level divergence field is divided into
zonal-mean and eddy components. In the second line, the eddy component is decomposed into its
time-mean and transient parts. On the right-hand side of the second line, each part was defined as
Hadley, Walker, and monsoon circulations, respectively, in this study. Specifically, Hadley circulation
is denoted by the zonal-mean field of the velocity potential, i.e., [χ(t, y)], where [( )] is the zonal-mean
field. Walker and monsoon circulations should be contained in the deviation from the zonal mean,
i.e., χ*(t, x, y), where ( )* represents the deviation from the zonal mean, and x, y, and t indicate the
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longitude, latitude, and time, respectively. The deviation field is divided into Walker and monsoon
circulations, defined by the annual mean, i.e., ( ), and its deviation, i.e., ( )′. Monsoon circulation
includes seasonal cycles.

3. Global Warming vs. Natural Variability in Indo-Pacific Warm Pool

The IPWP has been warming during the last 40 years. Figure 1a displays the trend of SST over
warm pool regions (Figure 1a). Figure 1b shows the spatial distribution of the IAV for detrended SST
within the warm pool. For the IAV, the deviation is large in the warm pool boundary region (Figure 1b).
Figure 1c,d present the IAV in each warm pool intensity, including the linear trend and detrended data,
respectively. Including the linear trend, the correlation coefficients of the IPWP and PWP, and IWP
intensity were 0.95 and 0.88, respectively. In detrended cases, the corresponding correlation coefficients
were 0.91 and 0.46, respectively (at the 99% confidence level). Regardless of the presence of trends,
the IAV in the IPWP intensity was controlled by PWP variability. The IPWP and IWP relationship with
detrended data had become weaker than that with the linear trend. In other words, the IAV in the
PWP intensity was more dominant than that in the IPWP intensity without a linear trend.

Warm pool intensities in all regions showed warming trends (Figure 1c). This supported previous
findings that the IPWP has been warming and expanding, especially in recent decades [27,43–45].
Some studies have shown that greenhouse gases are the main cause of increasing global ocean
temperature [46,47]. Roxy et al. [48] reported that continuous warming of the IPWP is attributable to
both anthropogenic and natural forcing. Based on observations, the Indian Ocean has shown consistent
warming, particularly in recent decades [49–51]. Even though greenhouse gases are a major reason for
Indian Ocean warming by triggering changes in air–sea fluxes, the net surface heat fluxes over the IWP
area alone cannot account for the continuous warming. Rather, an ocean–atmosphere coupled positive
feedback through oceanic Rossby waves, not just the greenhouse warming effect, is responsible for the
consistent warming and expansion of the IWP [43]. Each warming trend accounted for 37.94, 26.12,
and 31.12% of the total IAVs in the IPWP, IWP, and PWP, respectively. The linear trend comprised
a large portion of the total deviation in the IPWP, indicating that the warming effect explained a
substantial portion of the IAV in the warm pool SST. In this study, the linear trend of warm pool
intensity was regarded as the warming mode, and the detrended part of warm pool intensity was
considered the natural mode. The modulation of tropical circulations associated with the IAVs in
warm pool SSTs in warming and natural modes is of particular interest

4. Impact of Warm Pool Intensity on Tropical Circulation

4.1. Hadley Circulation

Hadley circulation is thermally driven and plays a significant role in climate systems. As Hadley
circulation bridges the tropics and subtropics, changes in its width or intensity exert a substantial
influence on the global climate [52,53]. Hadley circulation was assumed by an axisymmetric part of
the circulation [42]. Seasonally, the positive peak of the velocity potential at 200 hPa in the Northern
Hemisphere occurred at 15◦ N with 39 units, whereas the negative peak appeared at 25◦ S with
−46 units in boreal summer (not shown). During boreal winter, the center of the sinking motion was
located at 25◦ N, with a peak value of −41 units, and a rising motion occurred at 10◦ S, with a peak of
37 units (not shown). The positive and negative peaks indicated the locations of the ascending and
descending motions, respectively. The annual velocity potential was positive, with a peak value of
12 units at 4◦ N. Two negative peaks in the velocity potential appeared at 26◦ S and 26◦ N, with 14.2 and
−5.6 units, respectively (Figure 2). These results were consistent with the ascending limb of Hadley
circulation near the thermal equator, combined with two subsidence regions located between latitudes
of 20◦ and 30◦ in each hemisphere [29].
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Figure 2. Regression plots of velocity potential anomaly at 200 hPa against the warming trend of warm
pool intensity (left column; warming mode) and detrended of each normalized warm pool intensity
(right column; natural mode). Three rows indicate that the regression is against (a,d) Indo-Pacific warm
pool (IPWP), (b,e) Indian warm pool (IWP), and (c,f) Pacific warm pool (PWP). Negative and positive
x-axis values respectively denote Southern and Northern Hemispheres. Black lines denote the annual
climatology of the zonal-mean field of 200 hPa velocity potential (105 m2 s−1) in 1979–2018. The blue
lines show regression coefficients. Filled blue dots indicate statistical significance at 95% confidence
level (Student’s t-test).

Linear regression was used to investigate the effects of IAV in the warm pool intensity on Hadley
circulation. In the warming mode, the upward motion tended to be strengthened over the equator,
with higher SSTs in the IPWP, IWP, and PWP. When warm pool intensities were strong, the downward
motion was respectively weakened or intensified in the Northern or Southern Hemispheres, with a 95%
confidence level (Figure 2a–c). In the natural mode, the IWP intensity was not significantly related to
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Hadley circulation (Figure 2e). The PWP intensity induced sinking motion in the Southern Hemisphere
but diminished descending motion near 20◦ N in the Northern Hemisphere (Figure 2f).

Likewise, warmer SST in the IPWP strengthened subsidence near 20◦ S (Figure 2d). Watt-Meyer
et al. [54] pointed out differences between the response of Hadley cell expansion in the Northern
and Southern Hemispheres under CO2-induced warming. Accordingly, the Hadley cell in the
Southern Hemisphere expanded twice as much as that in the Northern Hemisphere under warming
conditions [54]. Greenhouse gas forcing also tends to induce more surface and Arctic mid-tropospheric
warming [55]. This might weaken the poleward shift of the eddy-driven jet, which indicates the
northern boundary of Hadley circulation in the Northern Hemisphere by decreasing meridional
surface temperature gradients [56,57]. On the other hand, warming of the Southern Ocean is delayed
at high latitudes, resulting in larger equator-to-pole temperature gradients [58,59] and intensifying
the poleward shift of the Hadley circulation edge together with a strong eddy-driven jet in the
Southern Hemisphere. This corresponds with different responses of the Hadley cell between the
hemispheres, including the warming trend of the warm pool. In addition, several studies suggest
that the stratospheric ozone depletion contributes to the Hadley cell expansion in the Southern
Hemisphere [60–64]. Based on the coupled model intercomparison projection phase 5 (CMIP5),
stratospheric ozone depletion induces significant poleward expansion of the Hadley cell in the
Southern Hemisphere [64]. Thus, the asymmetry between the hemispheres might be explained by the
mechanisms suggested by Watt-Meyer et al. as well as the stratospheric ozone depletion [54,60–64].

In summary, the SSTs in warm pool regions impact Hadley circulation in the warming mode,
but the IWP plays a minor role without the warming trend. Moreover, the Hadley circulation shows a
hemisphere asymmetric response to warm pool warming.

4.2. Walker Circulation

Figure 3 shows the regressed patterns of the 12-month annual mean of the zonal deviation velocity
potential field at 200 hPa against the warm pool intensities with or without the linear trend. Regarding
the 39-year annual climatology (1979–2017), the core of the ascending PWC branch was located over
the equatorial western Pacific Ocean with a peak value of approximately 110 units, and the descending
branch was located over the equatorial eastern Pacific Ocean with a peak value of −50 units. In the
warming mode, the warming trend over the warm pool contributed to the strengthening of the PWC.
It induced more upper-level divergence over the western Pacific and more convergence at 200 hPa over
Africa and the eastern Pacific Ocean (Figure 3a–c). This concurs well with Kim et al.’s [65] findings that
strengthening of PWC is caused by SST warming. Additionally, anomalous upper-level divergence was
shown over the northern part of South America in the warming mode. Independent of the warming
trend, the strong warm pool intensity of all warm pool regions significantly weakened the upper-level
divergence, i.e., the western part of the upper-level divergence core, and strengthened divergence over
the eastern part (Figure 3d–f).

Generally, the warming and natural modes showed the opposite regressed patterns and the
magnitudes were much stronger for the latter than the former. Considering both the warming
trend and natural variability, the results were mostly affected by the natural modes (not shown).
Therefore, natural variability had a greater influence on the PWC than the warming effect did. The IPO
could be an important factor in modulating the changes in the PWC, because it constitutes major internal
variability over the Pacific Ocean [36]. Similarly, the IPO index was calculated based on the difference
between the area-averaged SST anomaly over the central equatorial, northwest, and southwest Pacific
Ocean [66]. Subsequently, the correlation coefficients between the IPO and natural variability in
the warm pool intensities were performed to confirm their relationships. For the detrended case,
the correlation coefficients of the IPO and warm pool intensity index were approximately 0.64, while the
correlation coefficients were 0.26 including the warming trend. In the African tropical savannah
region, however, the warming mode was dominant, and higher SSTs in warm pool regions intensified
upper-level convergence (Figure 3a–c).
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Similar results were found for the omega anomaly at 500 hPa (Figure 4). In the case of the
natural mode, the anomalous rising flow arose over the equatorial central Pacific Ocean. In contrast,
the upward motion weakened over the equatorial western Pacific Ocean and Maritime Continent
(Figure 4d–f). In the warming mode, anomalous sinking motion was found over the equatorial Africa
region (Figure 4a–c). This was consistent with the upper-level convergence shown in Figure 3a–c.
To investigate the convective activity, we analyzed the OLR, which yields useful information regarding
the convection. A negative or positive OLR value indicates convection or subsidence, respectively.
In the tropics, the mean annual OLR cycle is dominated by changes in cloudiness and has a strong
negative correlation with precipitation [67]. Figure 5 shows the anomalous OLR associated with the
warm pool intensity of the IPWP, IWP, and PWP. When it comes to the natural mode, most cases
indicated that positive OLR anomalies significantly were found over the subtropical western Pacific
Ocean and Maritime Continent, whereas more convection occurred over the equatorial central Pacific
Ocean (Figure 5d–f).
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Figure 3. Regressed spatial distribution of velocity potential (shading, 105 m2 s−1) anomaly at 200 hPa
against the warming trend of warm pool intensity (left column; warming mode) and detrended of each
normalized warm pool intensity (right column; natural mode). Three rows indicate that the regression
is against (a,d) Indo-Pacific warm pool (IPWP), (b,e) Indian warm pool (IWP), and (c,f) Pacific warm
pool (PWP). The black line denotes the climatology of the 12-month annual mean zonal deviation field
of 200 hPa velocity potential in 1979–2018. The dotted lines indicate negative velocity potential values,
which show upper-level convergence. Black dots indicate statistical significance at 95% confidence
levels (Student’s t-test).
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Figure 4. Regressed spatial distribution of 12-month annual mean omega (shading, Pa s−1) anomaly at
500 hPa against the warming trend of warm pool intensity (left column; warming mode) and detrended
of each normalized warm pool intensity (right column; natural mode). Three rows indicate that the
regression is against (a,d) Indo-Pacific warm pool (IPWP), (b,e) Indian warm pool (IWP), and (c,f) Pacific
warm pool (PWP). Black lines denote the climatology of omega at 500 hPa. The dotted lines indicate
negative omega values, representing rising motion. Black dots indicate statistical significance at 95%
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Figure 5. Regressed spatial distribution of 12-month annual mean outgoing longwave radiation (OLR)
(shading, W m−2) anomaly against the warming trend of warm pool intensity (left column; warming
mode) and detrended of each normalized warm pool intensity (right column; natural mode). Three rows
indicate that the regression is against (a,d) Indo-Pacific warm pool (IPWP), (b,e) Indian warm pool
(IWP), and (c,f) Pacific warm pool (PWP). Black dots indicate statistical significance at 95% confidence
levels (Student’s t-test).
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Likewise, anomalous precipitation patterns matched OLR patterns over the tropics (Figure 6).
The anomalous increasing or decreasing precipitation was consistent with anomalous ascending or
descending motion, respectively, in the 500 hPa omega anomaly, 200 hPa velocity potential, and OLR
anomaly. In the warming mode, precipitation tended to increase over the tropical western Pacific
(Figure 6a–c). Without the warming trend, anomalous decreasing precipitation occurred over the
tropical western Pacific, while anomalous increasing precipitation was shown over the central Pacific
(Figure 6d–f). As one of the indicators of strengthening (weakening) Walker circulation, anomalous
easterlies (westerlies) at 850 hPa can be used [68]. For the warming mode, the anomalous easterly wind
was presented over the equatorial Pacific, which means the intensification of the PWC. In contrast,
the anomalous westerly wind was shown from the western to central Pacific, indicating the slowdown
of the PWC.
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Figure 6. Regressed spatial distribution of 12-month annual mean precipitation (shading, mm day−1)
and 850 hPa horizontal wind (vector, m s−1) anomaly against the warming trend of warm pool intensity
(left column; warming mode) and detrended of each normalized warm pool intensity (right column;
natural mode). Three rows indicate that the regression is against (a,d) Indo-Pacific warm pool (IPWP),
(b,e) Indian warm pool (IWP), and (c,f) Pacific warm pool (PWP). Green dots and wind vectors indicate
statistical significance at 95% confidence levels (Student’s t-test).

In conclusion, from the various reanalysis data, changes in the Walker circulation were different in
the warming and natural mode. Given the warming trend of SST over the warm pool, the strengthening
of the Walker circulation is shown. However, the weakening of the Walker circulation is observed
without the linear trend of warm pool intensity. Even though warming and natural mode have different
impacts on the Walker circulation, the natural variability plays a dominant role in the modulation of
the PWC, whereas Africa is susceptible to the warming trend.

4.3. Monsoon Circulation

Monsoon circulation is regarded as a transient component of zonal deviation fields, which has
seasonality. This definition only considers the kinematical circulation of the divergent flow in contrast
to the fact that the monsoon in many previous studies is defined by precipitation as thermodynamic
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factors [69,70]. Note that the kinematical monsoon circulation is different from the monsoon defined
by precipitation which is a function of the moisture and the wind convergence. The kinematically
defined monsoon circulation can represent the characteristics of the boreal summer monsoon but does
not represent the entity of the monsoon system. Thus, we also see other variables such as omega,
OLR, horizontal wind at the lower level, and precipitation. To investigate the impact of the warm
pool intensity on the following summer monsoon circulation, the warming trend and detrended of
warm pool intensity were regressed onto the following boreal summer (June–August) 200 hPa velocity
potential, 500 hPa omega, OLR, and 850 hPa wind and precipitation anomaly.

During boreal summer, a positive peak occurred over the Asian monsoon domain, with a peak
value of 82 units (Figure 7). It indicates a strong upward flow with an upper-level divergence concerning
the Asian summer monsoon. Compared to JJA climatology, the anomalous dipole pattern of velocity
potential at 200 hPa is shown in the Eastern Hemisphere. Under the warming mode, the warming
trend of the warm pool does not have conspicuous effects on the boreal summer monsoon circulation
(Figure 7a–c). In the natural mode, however, strong IPWP and IWP intensities led to positive anomalies
in the upper-level velocity potential over the tropical western Indian Ocean, whereas the negative
velocity potential anomalies occurred over the northwestern Pacific Ocean (Figure 7d,e). Higher SST
in the PWP diverged over the tropical Indian Ocean significantly, but lower divergence over the
northwestern Pacific Ocean was not significant (Figure 7f). In addition, strong IWP intensity led to
the weakening of the upper-level divergence in the Western North Pacific monsoon (WNP) region
and anomalous upper-level divergence in the North African monsoon (NAF) region under the natural
mode (Figure 7e).
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Figure 7. Regressed spatial distribution of June–August (JJA) mean velocity potential (shading,
105 m2 s−1) anomaly at 200 hPa, for boreal monsoon circulation, against the warming trend of warm
pool intensity (left column; warming mode) and detrended of each normalized warm pool intensity
(right column; natural mode). Three rows indicate that the regression is against (a,d) Indo-Pacific
warm pool (IPWP), (b,e) Indian warm pool (IWP), and (c,f) Pacific warm pool (PWP). Black lines
denote JJA climatology of 12-month annual mean zonal deviation field at 200 hPa velocity potential
for 1980–2017. The dotted lines show negative values of velocity potential, indicating upper-level
convergence. Black dots indicate statistical significance at 95% confidence levels (Student’s t-test).
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In terms of vertical motion associated with warm pool intensity, greater ascending motion occurred
over India under warming conditions (Figure 8a–c). In the natural mode, higher SSTs over warm pool
weakened the upward motion over the western Pacific (Figure 8d–f) and warm SSTs over the IWP
induced more rising motion over the maritime continent (Figure 8e). The regression pattern of OLR
anomaly showed anomalously more active convection over the NAF region with the warming trend
(Figure 9a–c), but no significant pattern was found without the warming trend (Figure 9d–f). Moreover,
the western Pacific Ocean tended to be weakened convection in the natural mode (Figure 9d–f).
Given precipitation and 850 hPa horizontal wind anomaly, anomalous increasing precipitation is
consistent with anomalously more convection over the NAF region (Figure 10a–c), while anomalous
decreasing precipitation occurred over the western Pacific (Figure 10d–f). Moreover, significant positive
precipitation anomalies occurred over India under the warming conditions (Figure 10a–c). It was
attributable to an intensified low-level jet over the Arabian sea, which was important in transporting
large quantities of moisture to India (Figure 10a–c). According to Kitoh et al. [71], Indian summer
monsoon rainfall remarkably increases, while the kinematical circulation decreases under warming
condition. Even though the kinematical circulation weakens, precipitation increases because warmer
air can contain more moisture. Our results are in good agreement with Kitoh et al.’s [71] findings
that changes in the monsoon, which are defined by kinematical circulation and precipitation, can be
different under warming.
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Figure 8. Regressed spatial distribution of June–August (JJA) mean omega (shading, Pa s−1) anomaly
at 500 hPa against the warming trend of warm pool intensity (left column; warming mode) and
detrended of each normalized warm pool intensity (right column; natural mode). Three rows indicate
that the regression is against (a,d) Indo-Pacific warm pool (IPWP), (b,e) Indian warm pool (IWP),
and (c,f) Pacific warm pool (PWP). Black lines denote JJA climatology of 500 hPa omega. The dotted
lines show negative omega values, indicating rising motion. Black dots indicate statistical significance
at 95% confidence levels (Student’s t-test).
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Figure 9. Regressed spatial distribution of June–August (JJA) mean outgoing longwave radiation
(OLR) (shading, W m−2) anomaly against the warming trend of warm pool intensity (left column;
warming mode) and detrended of each normalized warm pool intensity (right column; natural mode).
Three rows indicate that the regression is against (a,d) Indo-Pacific warm pool (IPWP), (b,e) Indian
warm pool (IWP), and (c,f) Pacific warm pool (PWP). Black dots indicate statistical significance at 95%
confidence levels (Student’s t-test).

In conclusion, the warming trend of SST over the warm pool did not have a significant role in
the modulation of the kinematical monsoon circulation in the boreal summer. In the natural mode,
warm pool intensities led to anomalous dipole patterns in the Eastern Hemisphere at the upper-level
divergence field. Warmer SST over IWP resulted in the weakening of the upper-level divergence in
the WNP region and anomalously increasing upper-level divergence in the NAF region under the
natural mode.

To complement the shortcomings of kinematical monsoon circulation, we investigated the impact
of warm pool intensity on the precipitation. Warm pool warming strengthened ISM rainfall via a
strong low-level jet over the Arabian sea supplying more moisture to India. Furthermore, the warming
trend contributed to increasing anomalously more convection and precipitation in the NAF region.
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Figure 10. Regressed spatial distribution of June–August (JJA) mean precipitation (shading, mm day−1)
and 850 hPa horizontal wind (vector, m s−1) anomaly against the warming trend of warm pool intensity
(left column; warming mode) and detrended of each normalized warm pool intensity (right column;
natural mode). Three rows indicate that the regression is against (a,d) Indo-Pacific warm pool (IPWP),
(b,e) Indian warm pool (IWP), and (c,f) Pacific warm pool (PWP). Green dots and wind vectors indicate
statistical significance at 95% confidence levels (Student’s t-test).

5. Conclusions and Discussion

This study demonstrated that the modulation of tropical circulations was associated with IAVs in
warm pool intensity in warming and natural modes. All warm pool regions have been warming in
recent decades. The IAV in IPWP intensity could mostly be explained by the IAV in the PWP intensity
in both the warming and natural modes. By analyzing atmosphere and ocean reanalysis data, we
found that circulations responded differently to warm pool SST in the warming and natural modes.
When warm pool SSTs were high, the upward branch of Hadley circulation was strengthened near the
equator, and the downward branch respectively weakened or strengthened in the Northern or Southern
Hemispheres. Without a linear trend, the IWP intensity did not significantly affect Hadley circulation.
That is, the warm pool warming trend was considered the dominant mode of change in Hadley
circulation. For Walker circulation, the warming trend of the warm pool tended to strengthen the
PWC, while the slowdown of the PWC was found in the natural mode. Considering both the warming
and natural effect, the natural variability played a more important role in modulating PWC than the
warming effect did. However, Africa was affected more by the warming mode. Under the warming
mode, the upper-level convergence was strengthened over equatorial Africa with enhanced descending
motion. Regarding boreal summer monsoon circulation, we investigated the role of warm pool intensity
in view of both the kinematical circulation and precipitation as representative of the thermodynamic
factors. In the warming mode, warm pool warming has a small impact on the kinematical monsoon
circulation. For the natural mode, higher SST over IWP affected the WNP region by reducing the
upper-level divergence. Additionally, warmer SST over IWP caused anomalous upper-level divergence
over the NAF region. In terms of precipitation, the ISM rainfall tended to be enhanced more in the
warming mode than the natural mode. This likely resulted from the intensification of the low-level jet
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in the western domain of the Arabian Sea, which supplies a great amount of moisture to India during
the monsoon period. Moreover, anomalously increasing precipitation was found over the NAF region
with warm pool warming.

Since the circulations interacted nonlinearly, there are some limitations to isolating the tropical
circulations unambiguously. For the monsoon circulation, there is a discrepancy between the monsoon
defined by the kinematical circulation and precipitation. Thus, the results need to be interpreted with
caution. Nonetheless, this kinematical separation of the tropical circulations is a useful tool for easily
quantifying the intensity of each circulation and investigating the impact of warm pool SST on each
tropical circulation.

As a part of key ENSO regions, some investigators presented that changes in the IPWP have a close
relationship with the ENSO, which is the most potent source of interannual climate variability [72,73].
According to Wang et al. [73], warming in the IPWP can increase strong El Niño events by strengthening
trade winds across the equatorial tropical Pacific. It suggests continuous warming in the IPWP
will lead to more frequent extreme El Niño events in the future. In this context, further studies are
planned to identify how the variations of the IPWP will affect the tropical circulations in the future.
Besides, the considerable influence of warm pool intensity on the regional impact of changes in Hadley
circulation necessitates future studies to comprehend the mechanism more appropriately.

The warm pool and its different regions were considered the main components that modulate
tropical circulations. Thus, understanding IAVs in the warm pool is essential for understanding the
global climate. Our research could benefit investigations on the impact of warm pool intensity on
tropical circulations.
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