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The Hadley circulation (HC), as a thermally driven large-scale meridional
circulation, acts a significant role in the changes of global climate. The
modulation of Indo-Pacific warm pool (IPWP) thermal conditions on the
relationship between the HC and different tropical sea surface temperature
(SST) meridional structures was investigated. Based on the two components of
HC and SST, one equatorially asymmetric component (HEA for HC, SEA for SST)
and one equatorially symmetric component (HES for HC, SES for SST), the
connections of HC to different SST variations in the warm and cold IPWP are
explored. The result demonstrates that the relationship of the HC to tropical
SST is suppressed in the cold IPWP conditions, whereas it is equivalent to the
climatology in the warm IPWP conditions. The plausible mechanism is that the
cold (warm) IPWP events are in concordance with the La Nifia (El Nifio) decay
phase. The La Nifia decay phase are associated with significant equatorially
asymmetric SST anomalies within the IPWP, generating an anomalous
meridional circulation and favoring a strengthened equatorially asymmetric
anomalous meridional circulation. By contrast, the SST anomalies associated
with El Nifio decay phase are insignificant. The role of La Nifia decay conditions
in determining the suppressed connection between SST and HC is further
verified by exploring the result after 1979. A similar suppressed response
contrast has been detected. Therefore, the results demonstrate that warm
and cold ENSO events have impacts on the interannual thermal conditions of
IPWP, whereby it plays considerable role in impacting the relationship between
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the HC and tropical SST. Particularly, with the rapid warming, the
interconnection between ENSO events and thermal conditions of IPWP
under different timescales could be altered, the influence of which on the
responses of the HC to tropical SST remains uncertain and is worthy
further researching.
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1 Introduction

The Hadley circulation (HC) is characterized as a zonal-
mean meridional mass circulation in the atmosphere with a
rough range from 30°S to 30°N. It consists of upward movement
around the equator, poleward movement in the upper
troposphere accompanied with a cooling trend, downward
motion at subtropic areas of both hemispheres, and
equatorward motion in the lower troposphere. As a worldwide
tropical atmospheric meridional circulation, the HC has
attracted lots of attention [e.g., Oort and Rasmusson (1970);
Lindzen (1994); Dima and Wallace (2003); Feng and Li (2013);
Hu et al. (2018a)]. The energy is transferred from tropical to
subtropical regions by the vertical and horizontal motion of HC.
Meanwhile, the weather and climate variations, like typhoon,
precipitation and drought, are generally regulated by the HC
[e.g., Hou (1998); Trenberth and Stepaniak (2003); Zhang and
Wang (2013); Wu et al. (2017); Sharmila and Walsh (2018)].
Therefore, the climate can change easily in response to the
relative mirror changes in the spatial structure or intensity of
HC. Additionally, studies have proved that the variability of the
HC is significantly affected by the variations of sea surface
temperature (SST) over the tropics (Hu et al. (2018b); Yu
et al., 2022; Zaplotnik et al., 2022).

The Indo-Pacific warm pool (IPWP) is the largest reservoir
of warm water on earth. The IPWP is featured as a zone where
the SSTs are warmer than 28°C, and it is usually deemed as the
heat engine of the earth [e.g., Yan et al. (1992); Kim et al. (2012);
De Deckker (2016); Bai et al. (2022)]. It plays an important
character in purveying the energy and moisture flux via
atmospheric movement (Duan et al., 2008; Dong et al., 2013).
A continuous warming and extension of IPWP in the past
decades has been captured by both observations and
simulations (Rao et al, 2011; Kim et al, 2012; Dong et al,
2013; Lin et al., 2013; Weller et al., 2016; Xiao et al., 2017; Roxy
et al., 2019; Xiao et al., 2019; Watanabe et al., 2020; Xiao et al.,
20205 Bai et al., 2022). For instance, the warming rate of SST in
the tropic Indian Ocean (1I0) is approximately two to three times
larger than that in the tropic Pacific Ocean (PO) (Luo et al,
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2012). Compared with the expanding rate of IPWP from 1900 to
1980 (2.3x10° km? per year), the expanding rate from 1981 to
2018 (4x10° km? per year) is twofold larger (Roxy et al., 2019).

Considering the exponential relationship between the
saturated water vapor pressure and SST, the strength of
atmospheric vertical motion is very sensitive to the variations
of SST over the IPWP region. Therefore, even small changes of
SST can cause a remarkable impact on the climate from local to
global scale through regulating HC and Walker circulation
(Zhou and Wang, 2006; Fu and Johanson, 2009; Feng and Li,
2013; Zhang and Wang, 2013; Lo et al., 2014; Zhou et al., 2017).
Therefore, the HC has a good relation with the tropic thermal
condition. Ma and Li (2008) has ascribed the interdecadal
variations of the HC to the increasing trend of SST over the
IPWP and the interannual variations to El Nifo-Southern
Oscillation (ENSO). In addition, the enhanced variations of
HC in the boreal winter have also been ascribed to the
strengthened asymmetric mode of ENSO during the last
decades (Guo and Li, 2016). Moreover, the possible impacts of
SST warming on the HC variations have been studied, and it is
found that the global SST warming is conducive to the
enhancement of the predominant mode of the HC’s seasonal
variability (Zhou and Wang, 2006; Ma and Li, 2008; Zhou et al.,
2020; Xian et al., 2021). Meanwhile, the variations of thermal
conditions over the IPWP also greatly impact the connection
between the HC and the tropic SST, especially after 1980 (Feng
et al.,, 2018). Moreover, as concluded in previous studies, the
variations of HC are closely associated with the distribution of
meridional structure of the tropic SST (Feng and Li, 2013; Guo
and Tan, 2018; Sun et al., 2018). Different meridional structures
of SST, like the asymmetric structure and symmetric structure
along the equator, can generate great impacts on the HC at
different temporal-spatial scales, indicating the response ratio of
the asymmetric (symmetric) structure of the HC to asymmetric
(symmetric) structure of SST varied with different thermal
conditions (Feng et al., 2016; Guo et al., 2016; Xian et al., 2021).

These studies have shown that the IPWP SST has a strong
warming and expansion tendency and is crucial to the HC
variability. However, whether the thermal conditions of IPWP
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exhibit certain role in impacting the relationship between the
tropical SST and HC remains unclear. Meanwhile, the past
studies are primarily focused on the impact of IPWP on the
HC, while few studies have focused on the influences of the
variations of IPWP thermal conditions on the responses between
different meridional structures of SST and HC before the year of
1980. However, as mentioned above, the SST over the IPWP
region presents a robust interdecadal variation feature, and the
SST in Indian Ocean has a close correlation with ENSO in terms
of interdecadal variation. Therefore, on different interdecadal
backgrounds, how does the interannual variation of different
thermal conditions over the IPWP region affect the connection
between the SST and HC? How does the main physical process
modulate the relationship? What are the differences between
the influences of the interdecadal variation and that of the
interannual variation of IPWP thermal conditions on the
correlation between the HC and SST? In addition, researchers
found a significant 10-year period oscillation in the IPWP
volume. The SSTs in the IPWP have a decadal mutation
around 1976-1986, showing a negative anomalous feature
before 1976 and a positive one after 1986 (Yin et al., 2020).
However, a suppressed circulation over the tropic PO would
occur when the SST or the extent size of IPWP is significantly
weaker than the climatology. Moreover, investigations have
found that over 95% warming and 85% expansion over the
IPWP area are caused by a continuous emission of greenhouse
gases induced by human activities since the 1950s (Dong et al.,
2013; Weller et al., 2016; Bai et al., 2022).

Hence, this study focuses on the possible influence of warm
and cold thermal conditions over the IPWP region on the
response contrast of the HC to the different meridional spatial
structures of SST from 1948 to 1978, which presents a negative
phase of the IPWP in decadal time scale. The remainder of this
paper is arranged as follows. The data and methods are
introduced in section 2. The results about the correspondence
between different spatial structures of SST and the HC are
presented in section 3. The discussion about the modulating
mechanisms is presented in section 4. The conclusions are
shown in section 5.

2 Materials and methods

2.1 Materials

In this study, two atmospheric and five SST reanalysis fields
are used to estimate the impacts of different meridional spatial
structures of SST on the variations of HC over the IPWP region.

The atmospheric datasets are used to depict the variation
characteristics of HC from 1948 to 1978. In our study, we use the
NOAA-CIRES-DOE Twentieth Century Reanalysis (20CR) V2c
(NOAA-20C) with a horizontal resolution of 2°x2° (Compo
et al., 2011), and the atmospheric reanalysis data of the 20th
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century from European Centre for Medium-Range Weather
Forecasts (ECMWF) (ERA-20C) with a horizontal resolution
of 2.5°%2.5° (Dee et al., 2016). In addition, another two
atmospheric reanalysis datasets obtained from the National
Centers for Environmental Prediction-National Center for
Atmospheric Research (NCEP-NCAR) Reanalysis 1 (NCEP-
REA1) and NCEP-Department of Energy Reanalysis 2 (NCEP-
REA2) from 1979 to 2020 are employed to verify the influence
mechanisms of SST on the HC.

Five global SST reanalysis fields are used to explore the
temporal-spatial variation characteristics of tropic SST and to
conduct the cross-validation of the data reliability with each
other. They are obtained from the Met Office Hadley Centre
Sea Ice and SST dataset (HadISST) with a 1°x1° horizontal
resolution (Rayner et al., 2003), the NOAA Extended
Reconstructed SST version3 (ERSST3) and version5
(ERSST5) with a resolution of 2°x2° (Huang et al., 2017;
Huang et al., 2020), and the Centennial in situ Observation-
Based Estimates (COBE) SST versionl (COBESSTI1) and
version2 (COBESST2) with a 1°x1°resolution (Hirahara
et al., 2014).

2.2 Method

The intensity and spatial structures of the HC can be
quantified by the mass stream function (MSF, ¥). The ¥ can
be solved through vertically integrating meridional wind (Cheng
et al,, 2022) and is defined as follows:

P
¥ (0,p) = mgiq’ /p 7/, p))dp )

Where in Eq. (1), v is the meridional velocity; R is the earth’s
radius; ¢ is the latitude; g is the gravitational acceleration; p is the
pressure The overbar and square brackets represent temporal
and zonal averaging, respectively.

In this study, the 1030 hPa is assumed as the sea surface
layer and the 0 hPa is as the top of atmosphere layer (Qin et al.,
2006). The ¥is separated into two parts, one is integrated from
the bottom to the top, and the other is integrated from the top to
the bottom. Finally, the ¥is corrected by the two integrals with a
weight coefficient.

According to the linear decomposition scheme in Feng et al.
(2018), the spatial structures of the HC and zonal-mean SST are
divided into two components, namely the equatorially
asymmetric component and symmetric component. For SST,
the symmetric component (SES) and asymmetric component
(SEA) are defined as:
ses ) = SSTU) + SST()

2
3 SST(j) — SST(—j)
2

and SEA(j)

)
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For the variations of HC, considering the opposite
distribution of the MSF values in the northern hemisphere
(NH) and the southern hemisphere (SH), the HC equatorially
symmetric component (HES) and asymmetric component
(HEA) are expressed as:

HES(j) = MSE(j) —2MSF(—j)
3 MSE(j) + MSF(—j)
- 2

Where in Eq. (2) and Eq. (3), the indexes of j and are

meridional locations that are symmetric along the equator.

and HEA(j)

3)

Moreover, a relative response magnitude of the variations of
HC to different meridional structures of SST is used, which is
defined as the response ratio:

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

Ratio =
M= Reg[PCI(HES), PCI(SES)]

(4)

Where in Eq. (4), PC1(HES) is the first principal component
(PC1) of the variability of HES under the EOF (empirical
orthogonal function) analysis, and it is similar for other
variables. The denominator (numerator) in Eq. (4) indicates
the regression ratio of the HES (HEA) to the SES (SEA).
Therefore, the ratio value in Eq. (4) indicates the sensibility of
the HC to SST.

Here, a same extent ranging from 20°S to 20°N and 40° to
160°E is used to identify the variation characteristics of the
IPWP region and to directly compare the potential interdecadal
impacts of the IPWP warming. To characterize the cycle of

10.3389/fmars.2022.1088276

IPWP event, the areal-averaged of the anomalous SST's in the
IPWP region under a calendar year, which exceeds positive
(negative) 0.75 times of standard deviation and lasts for at least
six months, is interpreted as a warm (cold) IPWP event. Then, 5
warm events (in 1958, 1959, 1969, 1970 and 1973) and 5 cold
events (in 1951, 1965, 1971, 1974 and 1976) during 1948-1978
are obtained. Figure 1 shows the distributions of composite
difference of SST between IPWP warm and cold thermal
conditions, as well as the 28°C isotherm under the two
conditions. The spatial feature of the SST under warm
conditions is much distinct than that under cold conditions.
The distribution of 28°C isotherm has a good consistency with
the previous studies (Lin et al, 2013; Roxy et al., 2019),
indicating that the selected warm and cold events are
reasonable and can be used to conduct the following study. In
addition, the position of the 28°C isotherm under IPWP warm
condition (solid line in Figure 1) is wider than that under IPWP
cold condition (dashed line in Figure 1). Considering the
discontinuity of time under warm and cold IPWP conditions,
the anomalous SST subsets in different events are constructed by
removing the climatological monthly-mean values and the linear
trend of the SST, which are referenced to the full 31 years.

To analyze the respondence of the meridional circulation on
the meridional spatial structures of SST under different IPWP
thermal conditions, the empirical orthogonal function (EOF),
composite analysis, regression analysis and correlation analysis
methods are employed. In addition, a two-sided Welch’s t-test is
used for the significance test of the correlativity, regression and
composite values.

SST_Discrepancy under ERSST3

&

00°E 120°E

140°E

SST Discrepancy ui

160°E  180°  160°

DISST

S0°E 100° 120°E

FIGURE 1

140°E

160°E 180° 160° 140°W 120°W

Characteristic sea-surface temperature (SST) discrepancy (shading) with 28°C SST isotherm (line) under IPWP warm and cold events for
(A) ERSST3 and (B) HadISST. The solid and dashed lines show the 28°C SST isotherm under IPWP warm events and cold events, respectively.

The dotted represent significance at the 0.05 level.
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3 Results

3.1 Climatological characteristics of
the HC

The climatological mean MSF and its first principal mode
(EOF1) analyzed with the NOAA-20C and ERA-20C datasets are
displayed in Figure 2. The two datasets show similar climatological
spatial distributions of the HC, with an updraft to the north of the
equator and two downdrafts around 30°N and 30°S (Figures 2A, C).
Both the intensity and the spatial range of the tropic HC in the SH
act slightly more robust than those in the NH. Figure 2B and
Figure 2D display the first principal mode distribution feature of
monthly mean MSF with a time length of 372 months, which
presents an equatorially asymmetric feature with the updraft located
around 20°S and the two downdrafts to the south of 30°S and
around 20°N. The equatorially asymmetric mode has a stronger
component centered at the north of the equator and extends from
20°S to 20°N, with an explained variance about 34%. The results
indicate that an equatorially asymmetric mode is dominant in the
interannual variability of the long-term monthly-mean HC.

3.2 Climatological characteristics of the
zonal-mean SST

The spatial distributions of climatological zonal-mean SST
over the tropical region and the EOF1 based on the ERSST3 and

HC_Climate NOAA 20C

Pressure (hPa)

Q 20°N
Latitude
HC_Climate ERA_20C

Pressure (hPa)

Q
Latitude

FIGURE 2

Pressure (hPa)
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HadISST datasets are displayed in Figure 3. The climatological
zonal-mean tropical SST (Figure 3A) shows a remarkable feature
with two peaks in two hemispheres and a symmetrical
distribution along the equator. Moreover, the peak values in
two hemispheres are unbalanced, with a larger value in the NH
and a lower one in the SH, which agrees well with the averaged
location of the upward branch of the HC is to the north of the
equator (Figure 2A), which is mainly due to a larger ocean area
in the SH. The EOF1 of the zonal-mean SST presents an
equatorially symmetric spread characteristic with the peak
value in the equator (Figure 3B), with 78.79% (79.27%) under
ERSST3 (HadISST) ratio of explained variance to the total
variance, representing a fundamental variability. According to
the correlation analysis, the principal component of this mode
(PC1) shows a good agreement with Nifio 3 and Nifio 3.4
indexes (figure not shown), and the correlation coefficients are
0.86 and 0.84, respectively, indicating that the ENSO dominates
the tropical SST variability. It is noted that the spatial structure
of EOF1 of SST does not correspond to that of HC, indicating
that the global mean SST variability cannot be used to explain
the spatial structure change of the dominant mode of HC.

3.3 Variations of the HES and HEA

The spatial distributions of the climatological mean and the
relative HES EOF1 and HEA EOF1 under the IPWP warm phase
are shown in Figure 4. Similar spatial distributions of the

EOF1_HC NOAA 20C 34.69%

20°S EQ
Latitude

EOF1_HC ERA 20C

20°N 40°N

33.98%

EQ
Latitude

The climatological mean MSF from 1948 t01978 based on the (A) NOAA-20C and (C) ERA-20C. The contour interval is 2x 10'° kg s°%. (B, D) as in
(A, C) but for the principal mode of the HC. Positive (negative) contours are displayed as solid (dotted) lines with an interval of 0.2x10'° kg s
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FIGURE 3

The distributions of climatological zonal-mean tropic SST (A) and Principal mode of the SST (°C) from 1948 t01978 (B). Red and blue lines are based

on the ERSST3 and HadISST, respectively.

climatological mean HEA are found for the two datasets, with an
ascending movement in the NH and a descending movement in
the SH (Figures 4A, C). Meanwhile, the climatological mean
HES has a consistent distribution (Figures 4B, D) with a zero-
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FIGURE 4

value distribution along the entire vertical layers at the equator.
As for the climatological spread of HES, there are two
proportionate cells on the two sides of the equator, with a

mutual ascending movement in the equatorial region and a
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A The EOF1 of the monthly HEA (contour line, with an interval of 0.3x10%° kg s™), and the climatological mean of the HEA (shaded) based on NOAA-
20C under IPWP warm events. Solid (dotted) contour line is positive (negative), and the zero line is thickened. (C) as in (A), but based on the ERA-20C

dataset. (B, D) as in (A, C) respectively, but for the HES.
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descending movement over the subtropical region in both the
SH and NH. The distributions of HEA and HES are different
because the symmetric and asymmetric components are
decomposed along the equator as shown in Eq. (3). Although
the HEA and HES have comparable extents, they do not coincide
in the strength of the HES. The HEA is significantly weaker than
the HES. Moreover, the EOF analysis is carried out for the HEA
and HES as shown in the contour lines of Figure 4. The spatial
distribution structure under the HEA EOF1 is similar to the
climatological distribution, while the extent is significantly
narrower than that of the climatology. The ascending motion
is around 20°N, while the descending motion is around 20°S,
resulting in a much wider range than that after 1980 (Feng et al.,
2018). The difference may be caused by the different underlying
thermal conditions in IPWP region during the two periods (Yin
etal,, 2020). The spatial distribution of the HES EOF1 presents a
similar feature with its climatological mean distribution, but the
extent is narrower in NOAA-20C dataset than that in ERA-20C
dataset. Additionally, the HEA EOF1 accounts for 56.35%
(54.51%) of the total variance under NOAA-20C (ERA-20C),
showing more concentrated variability than 31.25% (37.01%) for
the HES EOF1.

Figure 5 shows the HEA EOF1 and HES EOF1 under IPWP
cold phase. The spatial distribution characteristics of the
climatological mean HEA (Figures 5A, C) and HES
(Figures 5B, D) under IPWP cold conditions resemble those
under IPWP warm conditions. As shown in Figure 5A and
Figure 5C, the central intensity of HEA EOF1 is significantly
weaker under IPWP cold events than that under IPWP warm

EOF1_HEA NOAA 20C 56.86%

20°S 20°N 40°N

Q
Latitude
EOF1I_HEA ERA 20C
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40°S 20°S EQ

Latitude

20°N 40°N

FIGURE 5
As in Figure 4, but for the variation under IPWP cold events.
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events (Figures 4A, C), indicating that the magnitude of HEA
EOF1 has a decreasing trend from warm to cold conditions.
Moreover, the explained variance of HES EOF1 under IPWP
cold condition is significantly larger than that in warm
condition, suggesting that the variability of HES under IPWP
cold condition is more concentrated. In general, the
aforementioned results about the difference of the HEA and
HES under different thermal conditions suggest that the
variability of the HC is more sensible to cold events than to
warm events over the IPWP region.

3.4 Variations of the SES and SEA

The variations of the SES EOF1 and SEA EOF1 under IPWP
warm and cold conditions are shown in Figure 6. The spatial
variations of SEA variability are consistent in all the five SST
fields (Figures 6A, C), with a positive anomalous distribution in
the NH and a negative one in the SH under the two thermal
conditions. The position of peak value under the first principal
mode is different from the results of Feng et al. (2018), with a
maximum (minimum) value around 18°N (18°S), which shows a
decadal variability of IPWP. Meanwhile, the location of the
extreme value has a good agreement with the locations of
downward and upward motions (Figure 4), which indicated
that the positions of the downward (upward) movement of HC
correspond to the location of the meridional gradient change of
SST from negative (positive) phase to positive (negative) phase.
This is mainly due to the pertinence between the meridional
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(A) The dominant principal mode of the SEA under IPWP warm events. (B) as in (A) but for the SES. (C, D) as in (A, B) respectively, but for the
variation during IPWP cold events. The red, yellow, magenta, blue and green lines are based on the ERSST3, HadISST, ERSST5, COBESST1 and

COBESST2 datasets, respectively.

wind and SST (Feng and Li, 2013; Huang et al, 2019). In
contrast, the spatial distribution of the SEA EOF1 under
IPWP cold conditions presents a slightly flatter structure
without a significant peak from 20°S to 20°N, which favors a
wider HC. The explained variance decreases by about 2% from
IPWP warm events to cold events for the four datasets (ERSST3,
HadISST, COBESST1 and COBESST2), by about 9% for the
ERSSTS5 dataset, indicating a consistent suppressed variability of
the SEA during the cold IPWP events comparing with the
warm events.

The variation of SES EOF1 (Figures 6B, D) shows a parabolic
pattern centered around the equator under IPWP warm and
cold conditions, which has a good coincidence with the
association of positive phase of ENSO with equatorially
symmetrical anomaly of tropical SST. In contrast to the slope
of SES EOFI under IPWP warm events, that under IPWP cold
events is much larger, with a stronger SST variability and
gradient, resulting in a broader meridional circulation. It also
explains the wider distribution of HES EOF1 during IPWP cold
events (Figures 4B, 5B). Meanwhile, the explained variance of
SES EOF1 is higher than that of SEA EOF1 under IPWP warm
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events, and the explained variances of SEA EOF1 and SES EOF1
decrease from warm events to cold events. Therefore, the
variability of SES component is strengthened under IPWP
warm events, while a declined explained variance of the SES
EOF1 is detected under IPWP cold events.

3.5 Response contrast of the HC to SST

Ulteriorly, the response ratios of HEA (HES) to SEA (SES)
under IPWP warm and cold conditions are analyzed. Based on
the ERSST3 and NOAA-20C datasets, the scatterplots of the SEA
(SES) PC1 against the HEA (HES) PCl, as well as their fitted
curves are displayed in Figure 7. It can be found that the
variations of HES (HEA) have a prominently linear correlation
with SES (SEA). However, the response ratio of HEA to SEA
shows large distinction in different IPWP conditions, with a
value of 22.6-unit under IPWP warm conditions (Figure 7A)
against a value of 12.02-unit under IPWP cold conditions
(Figure 7C) based on a 1-unit variation in SEA. Nevertheless,
there is a little change of the response coefficient of HES to SES.
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(A) Scatterplot of the SEA PC1 values against the HEA PC1 values under IPWP warm events (red circle) and their linear fitting (blue). (B) as in
(A) but for the SES PC1 values against the HES PC1 values. (C, D) as in (A, B) respectively, but during the IPWP cold events.

That is, the SES changes 1-unit, then accompanied with a 6.41-
unit change of HES under IPWP warm events (Figure 7B) and
an 8.87-unit change of HES under IPWP cold events
(Figure 7D). Similar results are derived from different datasets
as displayed in Table 1, indicating that the response ratio of HEA
to SEA under IPWP cold phase is significantly suppressed.
Therefore, the response contrast of HC to the meridional
structure of SST under IPWP warm events differs from that
under IPWP cold events. As shown in Table 1, the response
contrast of asymmetric component of the HC and SST relative to
the symmetric component of the HC and SST under IPWP

warm events is about 4 within different datasets, which
approximately resembles the value under the long-term
interannual variation (Feng et al, 2016). Nonetheless, the
response contrast decreases to about 2 under IPWP cold
events, suggesting that a suppression of the HC to SST maybe
exist under these events. Thus, the difference reveals that the HC
is more sensible to underlying thermic status under IPWP warm
conditions, while less sensitive under IPWP cold conditions,
suggesting that the response contrast of HC to tropical SST
varies with the different underlying thermal conditions of
the IPWP.

TABLE 1 Coefficients of regression between the PC1 values of HES (HEA) and that of the SES (SEA), and their response contrast obtained from

multiple reanalysis fields.

Dataset ERSST3 HadISST

Events

ERSST5

COBESST1 COBESST2

NOAA _20C 266 6.41 415 17.06 473 3.61 2205 6.29 3.51 17.16 442 3.89 182 413 441
Warm Events
ERA_20C 25.68 6.38 403 19.09 428 446 2382 5.89 404 17.55 425 413 19.67 381 5.16
NOAA _20C 12,02 8.87 136 10.77 5.82 185 13.61 7.96 171 8.59 6.38 135 11.83 5 237
Cold Events
ERA_20C 17.07 7.19 237 14.32 454 315 13.09 645 2,03 9.99 525 1.90 1258 461 273
Abbreviation of ASY means asymmetric mode, while SYM means symmetric mode.
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4 Discussion

As mentioned above, the HC has different responses to
tropical SST under different IPWP thermal conditions. To
research the potential influence mechanism on the suppressed
response contrast of the HC to SST under IPWP cold events, the
associated distributions of a composite SST anomaly for IPWP
warm and cold events are inspected (Figure 8). It can be found
that the anomalous SST patterns have a good agreement with
each other for the ERSST3 and HadISST datasets (also for other
three SST datasets; figure not shown). Under IPWP warm
events, the SSTs over the IPWP, the southeastern Australian,
the central Pacific, the southwestern North America, the
southeast of South America and tropical Atlantic regions show
significant positive anomalies, while the SSTs over the regions of
north Pacific and north Atlantic show virtually negative
anomalies. In addition, the anomalous magnitude of SST
presents different spatial distributions, especially with a
warmer anomaly in the south IO (Yu et al, 2022). The
anomalous SSTs in the tropical area of the Atlantic Ocean
shows a different spatial feature, with larger positive anomalies
to the north of equator and smaller positive anomalies to the
south of equator. Moreover, the spatial structure of the
anomalous SST under IPWP cold events is different from that
under IPWP warm events. The significantly positive anomaly of
SST occurs in the tropical eastern Pacific, while a negative
anomaly appears in the tropical central Pacific, as well as in
the IPWP region and tropical Atlantic. Similar with the
distribution of the positive anomaly under IPWP warm phase,
a stronger negative anomaly exists in the south IO region and in
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the north Atlantic Ocean when compared with the
corresponding anomaly on the opposite flank region of the
equator. Therefore, it is illustrated that the anomalous SST's
under IPWP warm and cold conditions not only appear in the
IPWP region, but also over the globe.

To analyze the source of SST asymmetric distribution under
IPWP warm and cold phases, the distribution of the summation
of anomalous SSTs under IPWP warm and cold phases are
respectively given in Figures 8C, F. The sum of anomalous SST
in the tropical Pacific and IPWP region shows a significantly
positive anomaly, with the strongest signal in the tropical Pacific,
which suggests that its distribution has an ENSO-like pattern.
And it agrees well with the finding about the significant
correlation between ENSO and IO warm pool discovered by
Kim et al. (2012) and Zhao et al. (2019). Therefore, this study
aims to find out the commonality between the selected IPWP
events and the ENSO events during this period, and the physical
process modulating and affecting the atmospheric circulation.

To further explore the relationship between IPWP warm/
cold conditions and ENSO phases, the possible effects of ENSO
warm and cold phases are analyzed. Based on the Nifio 3 index
from HadISST, the ENSO events in 1948-1978 have been
classified into 8 El Nifio events and 6 La Nifia events. Every
ENSO event is ulteriorly separated into development year and
decay year (Table 2). The comparison shows that four of the five
IPWP warm events have good agreement with El Nifio decay
events, and all the five IPWP cold events correspond to the La
Nifa decay events. Furthermore, the four warm IPWP events
(1958, 1969, 1970 and 1973) well agree with strong El Nifio
events. The results connote that the occurrence of IPWP warm

‘Warm under HadISST
(LSS

I

120°E 18 W
Cold und 00
g %

Composite SST anomalies for ERSST3 (A) under the IPWP warm and (B) cold events. (C) The summation of the anomalous SST under the IPWP warm
and cold phases. Right panel (D—F), as the left panel (A-C), but for the HadISST. The dotted represent significance at the 0.05 level.
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events is associated with the decaying phases of the strong El
Niflo, while the cold IPWP events are related to the decaying
phases of the La Nifa.

To further reveal the possible influences of ENSO on SST
over the IPWP region, the composite SST anomalies under El
Nifo and La Nifa decay years are shown in Figure 9. The spatial
distributions under the two ENSO decay phases are similar to
those under the two IPWP events, respectively. A larger positive
anomaly and a negative anomaly also exist over the southern IO.
However, there are some different distribution features,
especially in the tropical eastern Pacific. The SST presents a
negative anomaly during El Nifo decay years and a weaker
positive anomaly during IPWP warm years. In addition, the
positive SST anomaly in the tropic eastern Pacific during La
Nifa decay years is slightly stronger than that during IPWP cold
years. This discrepancy mainly results from the lagged effect
between ENSO and the IPWP (Kim et al., 2012). Although there
are some differences, the spatial distributions of SST anomalies
under IPWP conditions are highly correlated with those under
different ENSO phases, with a correlation coefficient of 0.83
between IPWP cold events and La Nina decay phase and a
coefficient of 0.58 between IPWP warm events and El Nifio
decay phase. The results indicate that the SST anomalies during
the anomalous IPWP events are mainly caused by the different
phases of ENSO. Previous studies have found that the ENSO
events can cause an anomalous distribution of SST [e.g., Lin et al.
(2013); Guo and Tan (2018); Sun et al. (2018)]. Under El Nifio
and La Nifa decay events, the anomalous SST within the IPWP
leads to an anomalous meridional gradient of SST. Since the
meridional circulation are determined by the meridional
gradient of SST (Feng et al., 2016). To this point, the
meridional profiles of the zonal-mean SST anomalies over the
IPWP under ENSO decay conditions are examined (Figure 10).
It is seen that the SST anomalies present different meridional
anomalies between the El Nifo and La Nifa decay phases. The
SST profile during the El Nifio decay phases present an
equatorial asymmetric structure with larger amplitude to the
south of the equator; however, the anomalous SST are
insignificant. This result implies the SST anomalies within the
IPWP along with the El Nifio decay phase could not significantly
alter the meridional structure of the IPWP SST, paralleling to

TABLE 2 Development and decay years of El-Nifio and La-Nifia.

10.3389/fmars.2022.1088276

little variation in the response ratio during the warm
IPWP events.

Under La Nifa decay conditions, the SST shows significant
negative anomalies with larger magnitude in the SH. Note that
the meridional structure of the anomalous SST associated with
the La Nifia decay phase agree with that in the SEA EOF1, which
shows negative values in the SH. This result indicates the
equatorially symmetric component of the SST would be
suppressed in the cold IPWP events, consistent with the
enhanced explained variance of the HES EOF1 during the cold
IPWP events. Meanwhile, the significant negative SST anomalies
with different magnitude between the SH and NH within the
whole IPWP would induce an anomalous SST meridional
gradient, which would intensify the amplitude of equatorially
asymmetric component. Previous studies have shown that a
larger (less) meridional gradient of SST would induce a stronger
(weaker) atmospheric anomaly from observations, simulations
and theoretical experiments (Lindzen, 1994; Feng et al., 2016;
Sun et al, 2018; Xie et al., 2022). And the transition of
meridional gradient profile of SST under different phases will
affect the location of anomalous atmospheric convergence.
Therefore, the response of the HEA to SEA would be
decreased under the significantly negative anomaly during the
La Nifa decay phases, leading to a suppressed response ratio of
HEA to SEA (Table 1). Hence, in contrast to the climatological
mean response ratio of HEA to SEA, the response ratio for [IPWP
cold events is smaller. It should be noticed that a suppressed
response of the HC to SST over IPWP region since 1980 (Feng
et al, 2018), and they pointed out that the suppressed
phenomenon is resulted by the equatorially symmetric
structure of SST anomaly under cold phase. The different
mechanism is mainly connected with the different status of
SST anomaly during the two periods (Yin et al., 2020). Thus,
different meridional distribution and magnitude of SST
anomalies under different underlying thermal conditions can
explain the restrained response contrast of HC to SST under
IPWP cold phase.

The above analysis shows that the meridional circulation has
been affected by the anomalous SST meridional distribution in
ENSO events from 1948 to 1978, especially under La Nino decay
conditions. To further establish the role of La Nifio decay phase

Develop years 1951 1957 1963

El-Nino 1952 1958 1964
Decay years

1980 1983 1988

Develop years 1949 1954 1964

La-Nifia 1951 1956 1965
Decay years

1985 1989 1996
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Composite SST anomalies from the ERSST3 dataset (A) during El Nifio decay events and (B) La Nifia decay events. (C, D) as in (A, B) but for the

HadISST dataset. The dotted represent significance at the 0.05 level.

in determining the suppressed relationship between the HC and
SST during the IPWP cold conditions, we have expanded the
result to the period after 1979. Seven La Nifia decay years are
selected during the period 1979 to 2020 (Table 2). A similar
variation characteristic has been obtained between the two
atmospheric circulation fields (NCEP-REA1 and NCEP-REA2)
and ERSST3 dataset, and only the results from NCEP-REA2 and
ERSST3 are shown in Figure 11. As can be seen, the response
contrast of HC to SST is about 2 (an averaged value of NCEP-
REA1 and NCEP-REA2). This result further confirms the
influence mechanism about a decreased response ratio of HEA
to SEA under La Nifa decay conditions, which further leads to a
suppressed response contrast of HC to SST.

The above findings indicate the different response ratios of the
HC to SST during different IPWP thermal conditions, which are
caused by the correspondingly anomalous SST under different
ENSO phases. The meridional gradient changes of SST anomalies
under El Nifo decay years and La Nina decay years lead to an
anomalous meridional SST gradient, resulting a suppressed
relationship between the HC and tropical SST. In addition,
another significant difference of SST anomaly under the two
IPWP phases is found in the north Atlantic Ocean (Figure 8)
named as the Atlantic Multidecadal Oscillation (AMO). Goswami
et al. (2006) proposed a mechanism to explain the relationship
between AMO and tropical IO: a positive-phase AMO will cause
atmospheric responses, resulting in a warming variation and
strengthening thermal contrast between the Indian sub-
continent and the tropic IO. Therefore, the variations of AMO
may lead to the variations of asymmetric and symmetric
component of HC. It warrants taking a further work on the
study of the influence of AMO variations on the HC.
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5 Conclusions

In this study, based on five atmospheric and oceanic
reanalysis datasets from 1948 to 1978, the influences of the
meridional structures of zonal-mean SST on the HC under
the IPWP warm and cold conditions are investigated. By using
the EOF analysis, the EOF1 of the monthly-mean MSF shows an
equatorially asymmetric structure with an explained variance
value of 34%, which indicates that an equatorially asymmetric
mode takes a dominant role in the variability of long-term
monthly mean HC. The EOF1 of tropical SST has a single
peak value at the equator and decreases with latitude. And the
PC1 of SST has a good agreement with Nifo 3 (3.4) index, with a
correlation coefficient being 0.86(0.84).

Then, both the HC and SST are decomposed into equatorially
asymmetric component (HEA/SEA) and equatorially symmetric
component (HES/SES), so as to investigate the influence of
different spatial structures of tropical zonal-mean SST on the
HC under IPWP warm and cold phases. Five IPWP warm events
and five cold events are selected based on the areal-averaged SST
anomalies over the IPWP region. The various reanalysis datasets
consistently indicate that the response contrast of the HC to SST
varies with different IPWP conditions. The response ratio of HEA
to SEA is about four times larger than that of HES to SES under
IPWP warm phase, comparable to the response contrast in the
seasonal cycle (Feng et al., 2016). However, the response contrast
of HC to SST under cold IPWP events decreases to two times,
implying that the response ratio of HEA to SEA is generally
suppressed under the IPWP cold phase which further indicates an
asymmetric impact of the IPWP thermal conditions on the
relationship between the HC and tropical SST.
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The possible influence mechanism of the suppressed
response ratio of HC to SST under warm and cold conditions
over the IPWP region is investigated. It is seen that four of the
five selected IPWP warm events coincide with the El Nifo decay
yeas, while all of the five cold events are in agreement with La
Nifa decay years. The profile distribution of SST anomaly
demonstrates that the anomalous SSTs within the IPWP
during El Nifo are insignificant, consistent with the less
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changed response ratio during the IPWP warm events.
However, equatorial asymmetric SST negative anomalies
within IPWP are observed during the La Nifna decay phases,
which would intensify the amplitude of the equatorial
asymmetric SST, resulting in suppressed response ratio of the
HC to SST during the cold IPWP events. Furthermore, a similar
suppressed response contrast value has been obtained by
expanding the result from 1979 to 2020. Therefore, it should
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(A) Scatterplot of the SEA PC1 values against the HEA PC1 values for the La Nifla decay events since 1979 (circle) and their linear fitting line
(blue) using NCEP Reanalysis 2 dataset. (B) as in (A) but for the SES PC1 values against the HES PC1 values.
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be noted that the thermal condition of the IPWP plays a pivotal
role in affecting the response of HC to SST, by which the
modulation of different phases of ENSO is essential.

Finally, an assumption is proposed here. The HC will be
continuously affected by the global warming under an endless
release of greenhouse gases. It is possible that the poleward
expand of HC will continue and further influence the global
climate change, but the intensity and range of the HC may show
quite different variation features under different underlying
thermal conditions. Moreover, with the rapid warming, the
interconnection between ENSO events and thermal conditions
of IPWP under different time-scales could be changed, the
influence of which on the responses of the HC to tropical SST
remains uncertain and is worthy further researching. Therefore,
understanding the modulation mechanism of the different
meridional structures of SST on the HC can provide a useful
method to predict the variations of the HC under
different scenarios.
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