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Abstract The response of the Hadley circulation (HC) to different tropical sea surface temperature (SST)
patterns during the equinox seasons (i.e., boreal spring and autumn) is analyzed. Although the HC shows
quasi-equatorially symmetric structure in both equinox seasons, both the climatology and the interannual
variations of the HC display considerable differences, that is, beingmore equatorially asymmetric (symmetric)
during autumn (spring). After decomposing the variations of the HC and zonal SST into the equatorially
asymmetric (i.e., HC’s equatorially asymmetric variation (HEA) for HC and SST’s equatorially asymmetric
variation (SEA) for SST) and symmetric (i.e., HC’s equatorially symmetric variation (HES) for HC and SST’s
equatorially symmetric variation (SES) for SST) components, the differences in the HC between spring and
autumn are shown to derive mainly from the HEA. Meanwhile, the contrast in the response of the HEA to SEA
against HES to SES is greater in spring than in autumn, suggesting the HC is more sensitive to the SST
conditions in spring. The variation of the HEA is related to different signals in spring and autumn that is linked
to the central Pacific El Niño during spring but to the Atlantic Multidecadal Oscillation during autumn.
The different contributors are associated with the differences in both the spatial extent and temporal
variations in the HEA. In contrast, both spring and autumn HES are closely linked to the canonical El Niño,
favoring similar variations in spring and autumn HES. The results here provide a possible explanation of the
different variations in the HC during spring and autumn and highlight the seasonal dependence of the
response of the HC to SST.

1. Introduction

The Hadley circulation (HC) is a global scale tropical atmospheric meridional circulation, whose ascending
and descending branches bridge the tropics and subtropics, significantly influencing the climate at low,
middle, and high latitudes (e.g., Chang, 1995; Diaz & Bradley, 2004; Feng et al., 2013). Recently, there has been
growing interest in the spatiotemporal variability and width of the HC. Empirical orthogonal function (EOF)
analysis of the spatiotemporal variability of the HC has shown that both the seasonal cycle (Dima &
Wallace, 2003; Feng, Li, Jin, et al., 2017), long-term annual variability (Feng et al., 2015), and seasonal
variability (e.g., Feng et al., 2011, 2013; Guo et al., 2015; Ma & Li, 2008) of the HC are dominated by an
equatorially asymmetric mode, with the ascending branch shifted away from the equator. The second mode
presents an equatorially symmetric distribution, with the ascending branch around the equator. Similar
dominant modes are seen in the month-to-month variations of the HC (Feng, Li, Wang, et al., 2017).
Although the HC is dominated by these two distinct modes through the different seasons, the explained var-
iances of the equatorially asymmetric and symmetric modes differ greatly in different seasons. For example,
the equatorially asymmetric mode explains more than 50% of the variance during boreal spring (Feng et al.,
2013), but only about 30% during boreal autumn (Guo et al., 2015), indicating strong seasonal differences.

Meanwhile, the width of the HC has attracted much attention, because the positions of the ascending and
descending branches generally correspond to the tropical convection regions and subtropical semiarid
zones, respectively. Based on three reanalysis data sets, Fu et al. (2006) reported that the HC shows evident
poleward expansion in each hemisphere over 1979–2005. Subsequently, many other studies have
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investigated further the variations in the width of the HC based on different reanalyses and observational
data sets, with a focus on its seasonal and annual variations (e.g., Hu & Fu, 2007; Lu et al., 2007; Stachnik &
Schumacher, 2011). Despite the differences in the exact magnitude of the expansion, the greater poleward
expansion of the HC during the boreal summer and autumn seasons than during the other two seasons in
each hemisphere has been confirmed (e.g., Hu & Fu, 2007; Hu et al., 2013; Johanson & Fu, 2009), showing
large differences among seasons.

Besides the characteristics of the HC itself, the impacts of the underlying thermal conditions on the variations
of the HC have been investigated. The role of the meridional distribution of the tropical sea surface tempera-
ture (SST) in the variation of the HC has been intensively discussed. Based on a boundary layer theoretical
model, Schneider and Lindzen (1977) showed that the position and strength of the convergence in the
boundary layer is related to the meridional structure of tropical SST. Subsequent studies have supported this
conclusion and indicated that the ascent in the lower troposphere is related to the meridional distribution of
SST (e.g., Lindzen & Nigam, 1987; Hou & Lindzen, 1992). Later, Numaguti (1994) indicated that the convergent
flow in the planetary boundary layer is connected to themeridional gradient of SST. Recently, Feng et al. (2013)
have demonstrated that the distribution of the meridional gradient of tropical SST determines the structure of
the anomalous HC; that is, the position of themeridional maximum of tropical SST corresponds to the location
of anomalous ascent (Feng & Li, 2013). That is, the meridional structure of tropical SST determines the distribu-
tion of the HC. Moreover, the responses of the HC to different SST meridional structures have different ampli-
tudes even if the magnitude of SST is fixed (Feng et al., 2016; Feng, Li, Jin, et al., 2017). These previous studies
have emphasized the importance of the meridional structure of tropical SST on the variations of the HC.

In addition, it has been pointed out that the HC mainly adopts different regimes between the equinox and
solstice seasons (Bordoni & Schneider, 2010; Walker & Schneider, 2006). This result is helpful for understand-
ing the seasonal differences of the HC; for example, the different variability of the HC in boreal winter and
autumn is due to the different regimes. However, this is not the case for the differences between equinox
seasons, such as boreal spring and autumn. In fact, strong seasonal dependence is seen in both the long-term
variability and width of the HC. On the other hand, as mentioned above, the response of the HC to SST is sen-
sitive to the meridional structure of tropical SST, and tropical SST displays evident seasonal features (Enfield &
Mayer, 1997; Li & Ding, 2013). Therefore, it is of interest to examine whether the response of the HC to tropical
SST exhibits seasonal dependence, and if it does show definite seasonal differences, to determine in which
season the contrast of the response of the HC to asymmetric and symmetric SST is larger, and to investigate
the potential cause of the different response contrasts.

During solstice seasons, the local Rossby number Ro→ 1 in the cross-equatorial winter cell, and Ro→ 0 in the
summer cell, indicates that the winter cell mainly adopts angular momentum conserving, while the summer
cell is closer to being eddy driven (Schneider & Bordoni, 2008). However, with intermediate Ro values during
the equinox seasons, there are no theories for the case of intermediate Ro, in which nonlinear momentum
fluxes associated both with eddies and with the mean circulation are important to the upper branches of
the HC (Schneider, 2006; Schneider & Bordoni, 2008; Walker & Schneider, 2006). That is, the theory of the
HC during the equinox seasons is not as well understood as during the solstice seasons. In the present study,
we will focus on the equinox seasons, that is, boreal spring (March to May) and autumn (September to
November), to assess and compare the response contrast of the HC to SST during these two seasons, and
to explore the possible causes for their seasonal differences. The remainder of this paper is organized as
follows. Data sets and methodology are described in section 2. The response of the HC to different SST
meridional structures during boreal spring and autumn is compared in section 3. The possible causes of
the differences in the response contrasts of the HC to SST between boreal spring and autumn are outlined in
section 4. Finally, section 5 contains a short discussion and our conclusions.

2. Data Sets and Methodology
2.1. Data Sets

Three atmospheric reanalysis data sets were employed to objectively evaluate the characteristics of the HC.
These data sets were from the European Centre Medium-Range Weather Forecasts (ECMWF) interim reana-
lysis (ERAI) globally archived data set on a 1.5° × 1.5° horizontal resolution (Dee et al., 2011), the Japanese
55 year Reanalysis (JRA) on a horizontal resolution of 1.25° × 1.25° (Kobayashi et al., 2015), and the
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ECMWF’s Atmospheric reanalysis of the twentieth century (ERA-20C; Poli et al., 2016) on a resolution of
2.5° × 2.5°. All reanalyses have 32 vertical levels. The ERA-20C is used to verify the result during a longer period
(i.e., 1948–2010). The meridional wind and vertical motion have been used to depict the variation of the HC.
The National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR)
reanalysis is not employed for that it shows limitation in depicting the variation of the HC. For example, it
is reported that the HC associated with NCEP/NCAR is stronger than the observations (Waliser et al., 1999),
and NCEP/NCAR reanalysis shows limitation in depicting the seasonal cycle of the equatorially symmetric var-
iations of the HC (Feng, Li, Jin, et al., 2017). Two global SST reanalysis data sets are used to examine the tro-
pical SST features. They are the Extended Reconstructed SST version 3 on a 2° × 2° resolution (Smith et al.,
2008) and the UK Met Office Hadley Centre’s sea ice and SST data set with a 1° × 1° horizontal resolution
(Rayner et al., 2003). The Niño 3 index used to depict the variability of the canonical El Niño–Southern
Oscillation is available from https://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/Data/, the Atlantic
Multidecadal Oscillation index (AMOI) is employed to characterize the variability of the Atlantic
Multidecadal Oscillation (AMO) downloaded via https://www.esrl.noaa.gov/psd/data/correlation/, and El
Niño–Southern Oscillation Modoki index (EMI; Ashok et al., 2007) is used to indicate the variations of the
named date line El Niño (Larkin & Harrison, 2005), El Niño Modoki (EM; Ashok et al., 2007), or the central
Pacific El Niño (Yu & Kao, 2007) which is from http://www.jamstec.go.jp/frcgc/research/d1/iod/DATA/. The
common available period of 1979–2016 was used in the present study to explore the response characteristics
of the HC to tropical SST during boreal spring and autumn. The seasons are based on the Northern
Hemisphere (NH), that is, the average of March to May for spring and September to November for autumn
in the context. Due to the consistency of the results based on ERAI and JRA, we present results based on
ERAI and only point to exceptions when the two data sets disagree.

2.2. Methodology

The HC is characterized by the zonal-mean vertical motion and the mass stream function (MSF). The detailed
calculation of the MSF is seen in Feng et al. (2016). To compare the response of the HC to different SST mer-
idional structures during the equinox seasons, the variations of the vertical motion, MSF and zonal-mean SST
are linearly decomposed into two components, that is, the equatorially symmetric and asymmetric variations
according to Feng, Li, Jin, et al. (2017). The symmetric and asymmetric components of vertical motion and
zonal-mean SST (referred as SES and SEA in the context) is obtained by as follows:

fs yð Þ ¼ f yð Þ þ f �yð Þ
2

; fa yð Þ ¼ f yð Þ � f �yð Þ
2

(1)

In contrast, considering that the values of MSF include both direction andmagnitude, the same values of MSF
in the Southern Hemisphere (SH) and NH display opposite directions. The equatorially asymmetric and sym-
metric variations of MSF is defined as follows:

HEA yð Þ ¼ MSF yð Þ þMSF �yð Þ
2

; HES yð Þ ¼ MSF yð Þ �MSF �yð Þ
2

; (2)

where y is the meridional locations north of the equator. The details regarding the calculation and schematic
illustration are presented in Feng, Li, Jin, et al. (2017).

EOF analysis was employed to obtain the dominate mode of the interannual variability of the equatorially
asymmetric and symmetric variations of the seasonal HC and SST. Correlation and regression are used to illus-
trate the relationships between the SST and HC. Spatial correlation was used to evaluate the similarity of
spatial distribution patterns of two variables. The statistical significance of the correlation and regression
values was evaluated by means of a two-sided Student’s t test.

3. Responses of the HC to SST During Spring and Autumn
3.1. Climatological Characteristics

To assess the response of the HC to the tropical SST during the equinox seasons, the variations of the zonal-
mean vertical motion, MSF, and zonal-mean SST are decomposed into two components based on the
method presented in section 2. The characteristics of the climatological meridional circulation and tropical
SST are first examined. Figure 1 displays the climatological MSF, vertical motion, and their equatorially asym-
metric and symmetric variations during boreal spring and autumn in ERAI. Similar features are observed for
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JRA (figures not shown). In spring, an equatorially mirrored meridional circulation is observed, with
equivalent extent and magnitude for the northern and southern cells. The combined ascending branch is
located around the equator, and the two descending branches are at around 30° latitude in each hemisphere
(Figure 1a). The spatial distribution of autumn HC is similar to that during boreal spring, but the intensity and
extent of the southern cell are greater than those of the northern counterpart, and the combined ascending
branch is located around 10°N rather than around the equator (Figure 1d). This result implies that the
equatorially asymmetric variation of the HC in autumn is greater than in spring, which is seen in the
climatological distribution of the HEA (Figure 1b versus 1e). The HEA exhibits opposite vertical motion in
the tropical NH and SH, that is, ascent to the north of the equator and descent to the south during
autumn, but the opposite situation is seen in spring. The HEA during autumn has larger magnitude than
during spring, and this is consistently observed in the vertical motion and MSF. In addition, there is a
subordinated circulation, that is, ascending around 5°N whereas descending around 5°S in the vertical
motion during spring, however, not observed during autumn, suggesting the spatial nonuniformity of the
underlying SST during spring. The HES in both spring and autumn contains two equatorially mirrored cells,
with the maximum ascent at the equator, and two descending branches in the subtropical regions in each

Figure 1. (a) Climatological distribution of the boreal spring mass stream function (contour) and vertical motion (shaded;
unit: 10�2 P/s). The contour interval is 0.02 × 1010 kg/s. The solid (dotted) contours are positive (negative), zero contour
in thickened. (b) and (c) As in (a) but for the equatorially asymmetric and symmetric variations of the mass stream function
and vertical motion, respectively. (d–f) As in (a)–(c) but for the distributions during autumn. MAM = March-April-May;
SON = September-October-November.
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hemisphere. The magnitude of HES during spring is a little stronger than in autumn, but the extent is similar.
This result indicates that although the climatological distributions of spring and autumn HC are similar, the
equatorially asymmetric variation of the HC during autumn is greater than during spring; in contrast, the
equatorially symmetric variation of spring HC is a little stronger than that of autumn HC.

The climatological distribution of the zonal SST, SEA, and SES is displayed in Figure 2. The climatological dis-
tribution of the zonal-mean SST is equatorially symmetric during spring, that is, with two equivalent peaks
mirrored at the equator (Figure 2a). However, in autumn the peak in the NH has much larger amplitude than
that in the SH, and the maximum is around 10°N (Figure 2d), consistent with the position of the maximum
ascent of autumn HC. The climatological distribution of tropical SST agrees with the spatial structures of
the HC, showing greater equatorially asymmetric variation in autumn than in spring. That is, the difference
of the climatological SST between spring and autumn is mainly associated with the SEA component
(Figure 2b versus 2e). The SEA during autumn has nearly linear variation, being positive in the NH and nega-
tive in the SH. In spring the polarity is reversed, with positive SEA in the SH and negative in the NH, associated
with a meridional circulation with ascent in the SH and descent in the NH (Figure 1b). There is also more pro-
nounced variability around the equator in spring, associated with a local weakmeridional circulation. Besides,
the amplitude of the SEA is around 0.4°C during spring;however, it is ~4°C during autumn. The magnitude of
the HEA during spring is ~2 × 108 kg/s, and it is ~10 × 108 kg/s during autumn. This result indicates that
response amplitude of the HEA to SEA in the climatology is different between spring and autumn. Unlike
the SEA, the distribution of SES is very similar in the two seasons, with peaks mirrored at the equator,
although the amplitude in spring is greater than in autumn (Figure 2c versus 2f), in accordance with a much
stronger HES during spring as mentioned above.

The above results present the climatological characteristics of the HC and zonal SST, as well as their equatorially
asymmetric and symmetric components. More similarities are observed in the equatorially symmetric

Figure 2. (a) Climatological distribution of boreal spring zonal-mean tropical SST based on Extended Reconstructed Sea
Surface Temperature (ERSST) (red) and Hadley Centre sea ice and SST data set (HadISST) (blue) (°C), respectively. (b) and
(c) As in (a) but for the equatorially asymmetric and symmetric variations of the zonal-mean SST, respectively. (d–f) As in
(a)–(c) but for the distributions during autumn. MAM = March-April-May; SON = September-October-November.
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components for both the HC and SST between spring and autumn, while the equatorially asymmetric variations
during different seasons are very different. In addition, it is seen that the spatial distribution of the climatological
SST determines the distribution of the HC, for both equatorially symmetric and asymmetric variations.

3.2. Interannual Variability

The spatial and temporal variations of spring and autumn HC and zonal SST are illustrated based on the EOFs.
The first dominant mode (EOF1) of HEA explains 69.9% of the variance (Figure 3), with an equatorially asym-
metric structure during spring, similar to the situation in the annual mean (Feng et al., 2016). The EOF1 of
spring HES is equatorially symmetric, with an explained variance of 38.9%. The spatial structures for the
EOF1 of HEA and HES during autumn resemble those during spring, but with different extent, that is, broader
for the EOF1 of HEA with less explained variance (45.3%) but narrower with equivalent explained variance
(44.8%) for the EOF1 of HES. This result indicates that the EOF1s of HES in spring and autumn are highly
consistent, and the differences are mainly derived from the EOF1s of the HEA.

Unlike the situation for the HC, both the spatial structures and the explained variances of the EOF1 for the SEA
and SES agree closely (Figure 4). For example, the principal mode of SEA is equatorially asymmetric with
equivalent amplitude in both spring and autumn, explaining a variance of ~85%. The primary mode of SES
has a parabolic structure with the maximum at the equator, explaining a variance of ~88% in both spring
and autumn. The principal components of the EOF1 (PC1) for the HC and SST during spring and autumn
are shown in Figure 5. There is no evident interdecadal variation in the PC1 of spring HEA and SEA, while
the PC1 of autumn HEA and SEA has an evident upward trend. Meanwhile, the PC1 of the HES and SES
displays strong interannual variations. The correlation coefficients of the corresponding PC1s are 0.71
(0.53) for HEA against SEA and 0.38 (0.63) for HES against SES during spring (autumn), respectively. These
significant correlations confirm that the variations in HES are related to the SES, and the variations in HEA
are associated with the SEA as shown in Feng et al. (2016).

In the above we have analyzed the variability of the equatorially symmetric and asymmetric components of
the HC and zonal SST. Despite the close relationship between the PC1s of HEA and SEA, and of HES and SES,
the consistency between the EOF1 in the SST during spring and autumn cannot explain the differences in the
EOF1 of the HC. This is particularly evident for the asymmetric parts, where the EOF1 of the SEA varies
similarly in spring and autumn, but the EOF1 of HEA shows obvious differences, suggesting the response
of the HC to SST may differ in spring and autumn.

Figure 3. (a) The EOF1 of the equatorially asymmetric variations of the Hadley circulation during spring. The contour inter-
val is 0.02 × 1010kg/s. The solid (dashed) contours are positive (negative), zero contour is thickened. (b) As in (a) but for the
EOF1 of the equatorially symmetric variations of the HC. (c and d) As in (a) and (b) but for the distributions during autumn.
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3.3. Response of the HC to SST

Accordingly, the amplitudes of the response of the HEA to SEA, and of the HES to SES, during spring and
autumn are analyzed. Figure 6 displays scatterplots of the PC1 of HEA against that of the SEA, and of the
PC1 of HES against SES. As well as the significant linear relationships between HEA and SEA, and between
HES and SES, we see that the response of HEA to SEA is significantly stronger than that of the HES to SES.
For example, a unit variation in the SEA is associated with a 55 (30) unit variation in the HEA during spring
(autumn), but the corresponding response of HES to unit variation of SES is a 5 (8) unit variation. Note that
the different response of the HEA to SEA during spring and autumn support the amplitude differences of
HEA during spring and autumn shown in Figure 1. Moreover, this result shows that the amplitude of the
response of HEA to SEA is much larger than that of HES to SES even if the magnitudes of the SST forcing
are the same. Consistent results are obtained with different reanalyses as shown in Table 1. Besides the dif-
ferences in the response amplitude between the HEA and HES to SST, the response contrast of the HEA to SEA

Figure 5. (a) The PC1s of the HEA (red with solid circles) and SEA (blue with open circles) during spring. (b) As in (a) but for
the PC1s of the HES and SES. (c and d) As in (a) and (b) but for autumn.

Figure 4. (a) The EOF1 of the equatorially asymmetric variation of zonal sea surface temperature (SST) during spring. (b) As
in (a) but for the equatorially symmetric variation of zonal SST. (c and d) As in (a) and (b) but for the distributions during
autumn. The red and blue lines indicate based on the Extended Reconstructed Sea Surface Temperature and Hadley Centre
clobal sea ice and SST data sets, respectively.
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with respect to that of the HES to SES displays evident differences between spring and autumn. The sensitiv-
ity of HEA and HES to SST is around 11 (7) during spring based on ERAI (JRA); however, it is about 4 (3) during
autumn as displayed in Table 1. Although different reanalyses give different values of the response ampli-
tudes and ratios, the results are broadly consistent and indicate that (1) the response amplitude of the
HEA to SST is at least 3 times larger than that of the HES, which is consistent with previous studies (Feng,
Li, Jin, et al., 2017), and (2) the response contrast of the HEA and HES to SST is about twice as strong in spring
than in autumn. The result here provides a possible explanation for the greater explained variance of EOF1 for
HEA during spring than during autumn, despite the explained variance andmagnitude of EOF1 for SEA show-
ing equivalent variations in the spring and autumn. On the other hand, we see that the response contrast of
the HC to different SST meridional structures during autumn is closer to the result in the annual mean (Feng
et al., 2016) and the seasonal cycle (Feng, Li, Jin, et al., 2017), whereas the response contrast during spring is

Figure 6. (a) Scatterplot of the PC1s of the SEA against the PC1s of the HEA during spring (black circles) and their linear
fit (red crosses). (b) As in (a) but for the scatterplot of the PC1s of the SES against the PC1s of the HES. (c and d) As in (a) and
(b) but for autumn.

Table 1
Regression Coefficients of the PC1 of HEA (HES) With Respect to the PC1 of SEA (SES) and Their Ratio During Spring and Autumn
Calculated Using the Various Reanalysis Data Sets

Season Data Set

ERSST HadISST

ASY SYM Ratio ASY SYM Ratio

Spring (MAM) ERAI 55.13 4.86 11.3 35.84 2.92 12.3
JRA 76.84 11.38 6.8 48.14 6.95 6.9

ERA-20C 33.76 2.62 12.9 24.90 2.17 11.5
Autumn (SON) ERAI 29.93 7.76 3.9 19.87 5.50 3.6

JRA 35.06 10.41 3.4 22.81 7.09 3.2
ERA-20C 19.76 5.26 3.8 13.60 4.22 3.2

Note. The European Centre Medium-Range Weather Forecasts (ECWMF) interim reanalysis (ERAI) and Japanese 55 year
Reanalysis (JRA) are for the period 1979–2016, and ECWMF’s Atmospheric reanalysis of the twentieth century (ERA-20C)
is for the period 1948–2010. ERSST = Extended Reconstructed Sea Surface Temperature; HadISST = Hadley Centre sea ice
and SST data set; MAM = March-April-May; SON = September-October-November.
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much larger, implying that the meridional circulation during spring is more sensitive to the meridional struc-
ture of the SST than during autumn. Moreover, there are strong seasonal dependences in the response of the
HC to different SST meridional structures even in the same HC regime.

4. Possible Factors Contributing to the Different Response Ratios in Spring
and Autumn

The response of the HC to SST is illustrated above, highlighting the greater difference in the response of the
HC to different SST meridional structures during spring than during autumn. The possible causes for their dif-
ferent responses are explored in this section. Note that only the correlations between the SST and PC1 of the
HEA and HES are shown because the PC1s of the HEA and SEA, and of HES and SES are significantly correlated
(as seen in Figure 6). Moreover, significant positive spatial correlation coefficients (beyond 0.60) are obtained
between the correlation fields associated with the PC1s of the HEA and SEA, the PC1s of the HES and SES in
the SST (figures not shown) within region 40°S–40°N, 0°E–360°E, indicating high agreement in the variations
of the HEA and SEA, and HES and SES. The correlation between the SST and PC1 of HEA shows an equatorially
asymmetric distribution in both boreal spring and autumn, that is, generally negative in the tropical SH
during spring (Figure 7a), while positive correlations dominate in the tropical NH during boreal autumn
(Figure 7c). Also, significant negative correlations are seen over the tropical eastern and western Pacific dur-
ing boreal spring, but with positive correlation over the central Pacific north of the equator (Figure 7a); this
spatial distribution of the correlations resembles the pattern known as the date line El Niño (Larkin &
Harrison, 2005), El Niño Modoki (Ashok et al., 2007), the central Pacific El Niño (Yu & Kao, 2007), or the warm
pool El Niño (Kug et al., 2009) as shown in Figure 8a. This is verified by the significant correlations between the
EMI and the PC1s of HEA and SEA with coefficients of 0.46 and 0.47, respectively. The variation of HEA during
autumn is associated with significant positive correlations over the northern Atlantic and Indian Ocean,
resembling the positive phase of the AMO (Figure 8c). Also, the correlation between the AMOI and PC1 of
the HEA (SEA) is 0.53 (0.49), indicating that the variation of HEA (SEA) is connected to the AMO during
autumn. As to the relationship between SST and HES, similar spatial distributions are observed in both spring
and autumn (Figures 7b and 7d), with stronger signal during autumn. For example, significant positive corre-
lations are found over the eastern Pacific, with negative (positive) correlations over the western Pacific (Indian
Ocean). The spatial distributions of the correlations here are similar to the canonical El Niño pattern
(Figures 8b and 8d). This explains why more similarities are found in the equatorially symmetric variations

Figure 7. (a) Correlation distribution between the PC1s of the HEA and sea surface temperature during spring. (b) As in
(a) but for the correlations between the PC1s of the HES and sea surface temperature. (c and d) As in (a) and (b) but for
autumn. Shading indicates significance at the 0.05 level.
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Figure 8. (a) Correlation distribution between the El Niño–Southern Oscillation Modoki index and sea surface temperature
(SST) during spring. (b) As in (a) but for the distribution between the Niño 3 index and SST. (c) As in (a) but for the distri-
bution between the AMOI and SST during autumn. (d) As in (b) but for autumn.

Figure 9. (a) Regression pattern of the mass stream function (MSF) (shaded) and vertical motion (contour) with respect to
the El Niño–Southern Oscillation Modoki index (EMI) during spring. (b) As in (a) but for the regression with respect
to the Niño 3 index. (c) As in (a), but for the regression with respect to the Atlantic Multidecadal Oscillation index
during autumn. (d) As in (b) but for autumn. AMO = Atlantic Multidecadal Oscillation; MAM = March-April-May;
SON = September-October-November.

Journal of Geophysical Research: Atmospheres 10.1002/2017JD028219

FENG ET AL. 2600



of the HC and SST during spring and autumn; they are both associated
with the variations of El Niño. In contrast, the HEA (SEA) is related to the
EM during spring but to the AMO during autumn.

The possible contributions of the EM, AMO, and El Niño to the meridio-
nal circulation are further examined by determining the regressions
between the respective indices and the meridional circulation in terms
of the zonal-mean vertical motion and MSF, as shown in Figure 9. The
regression between the spring EMI and meridional circulation implies
an equatorially asymmetric circulation, with the main ascent located
in the NH, and descent in the SH, which is consistently observed in both
the MSF (shaded) and vertical motion (contours; Figure 9a). This result
suggests that the meridional circulation connected with the EM is
equatorially asymmetric, demonstrating that the EM favors the varia-
tion of the HEA during spring. Similar equatorially asymmetric meridio-
nal circulation anomalies are observed associated with the AMO during
autumn but with broader meridional extent (Figure 9c). Meanwhile, the
variation of El Niño is accompanied by an equatorially symmetric circu-
lation in both spring and autumn, with combined ascent at the equator,
and descent in the subtropics in each hemisphere (Figures 9b and 9d).

The above result is consistent with the previous researches on the inter-
annual variability of the seasonal HC. For example, the EM is associated
with the equatorially asymmetric SST anomalies during boreal spring
(Feng & Li, 2013), the AMO contributes to the temporal variation of
the variability of autumn HC (Guo et al., 2015), and the developing
and decay phases of El Niño contribute to the variation of HC (Sun &
Zhou, 2014). However, unlike in previous studies, we have decomposed
variations of the HC into the variations of the equatorially asymmetric
and symmetric components that we have examined separately. Our

results confirm previous findings and further have outlined the type of spatial variations of the HC linked
to the AMO, EM, and El Niño. The results here give a possible explanation of the differences between autumn
and spring HC: that it is mainly due to the differing equatorially asymmetric variations derived from different
modes of ocean variability.

In addition, the reason why a stronger response of HEA to SST during spring than that during autumn is
further explored. It is seen that spring EM related SST pattern displays a more equatorially asymmetric distri-
bution than that associated with autumn AMO (Figure 8). This point is further verified by the zonal-mean pro-
files of the correlations between the EMI (AMOI) and SST (Figure 10). The global is divided into two ocean
basins, that is, Indian-Pacific basin (45°E–90°W) and Atlantic basin (90°W–45°E), due to the correlation features
between the EMI (AMOI) and SST. The meridional distribution of correlations between the EMI and SST shows
equatorially asymmetric structures in both Indian-Pacific and Atlantic ocean basins that is decreased with
decreasing latitudes from 15°N to 15°S. A similar spatial profile is seen for that of AMO but only in Atlantic
while showing little meridional change within Indian-Pacific basin. This result indicates that similar equato-
rially asymmetric distribution in the global SST is associated with the occurrence of EM during boreal spring.
However, it is only observed in Atlantic for autumn AMO. Since the meridional circulation is closely linked to
themeridional distribution of SST, this result provides a possible explanation for the stronger response of HEA
to SST during spring than that during autumn.

5. Discussion and Conclusions

We have examined the variability of the HC during boreal spring and autumn based on two atmospheric rea-
nalyses covering the period 1979–2016. By decomposing the variations of the HC into equatorially asym-
metric and symmetric components, the differences in the spatial field of the climatological HC during
spring and autumn are shown to be mainly due to the equatorially asymmetric components. The equatorially
symmetric variations of the HC are very similar in both climatological extent and intensity during spring and

Figure 10. The zonal profiles of the correlations between the El Niño–Southern
Oscillation Modoki index and sea surface temperature during boreal spring
over 45°E–90°W. (b) As in (a) but over 90°W–45°E. (c and d) As in (a) and (b) but of
the correlations between the Atlantic Multidecadal Oscillation index and sea
surface temperature during boreal autumn.
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autumn. The greater importance of the dominant mode of the spring HEA is due to the enhanced response of
the HC to different SST meridional structures during spring. That is, a stronger HEA is associated with a given
SEA forcing in spring than in autumn, implying that the HC is more sensitive to the underlying thermal con-
ditions during spring than in autumn. In contrast, the response ratio of the HC to asymmetric and symmetric
SST during autumn is comparable to that of the annual mean (Feng et al., 2016) and the seasonal cycle (Feng,
Li, Jin, et al., 2017), suggesting a strong seasonal dependence in the response of the HC to SST forcing on
interannual scales. Consistent result is seen in the period 1948–2010 based on ERA-20C; that is, the ratio of
HEA to SEA with respect to HES to SES is ~11 in spring while ~4 in autumn (figure not shown; Table 1), indi-
cating the robustness of the result.

Moreover, we have found that the HEA during spring is significantly associated with the EM, whereas it is con-
nected to the AMO in autumn. The HES is related to El Niño in both spring and autumn. This result provides an
explanation for the evident differences between the equatorially asymmetric variation of the HC in spring
and autumn; they are controlled by different modes of ocean variability. On the other hand, the AMO exhibits
strong interdecadal variations (Enfield & Mestas-Nuñez, 2001), and the PC1 of autumn HEA shows a clear
upward trend. In contrast, since the HEA during boreal spring is affected by the EM, there is no obvious trend
in the PC1 of the HEA. The EM is predicted to occur more often in the future (Liu et al., 2017), and this may lead
to an intensification of the HEA during MAM in the future. It may be interesting to investigate the variation of
the HC in simulations of the future scenarios with Coupled Model Intercomparison Project models to further
evaluate the variability of the HC.

Furthermore, we have concluded that the equatorially symmetric variations of HC in both spring and autumn
are connected to El Niño. However, the standard deviation of the Niño 3 index during autumn is larger than
during spring, and this is consistent with our result that the EOF1 of HES in autumn explains greater variance
than that in spring. However, it is still unclear why the response contrast of the HC to different SST meridional
structures is greater in spring than in autumn. The EM is related with a global uniform equatorially asym-
metric distribution in both the Indian-Pacific and Atlantic basins. However, the equatorially asymmetric dis-
tribution is only seen in the Atlantic basin in the AMO related SST pattern, which provides a possible
explanation for the stronger response of HEA to SEA during spring. In addition, the different contrast in
the response of the HC to SST during spring from those seen in the annual mean and seasonal cycle suggests
a strong seasonal dependence in the response of the HC to SST. Note that spring is neither a monsoon-
dominated season nor in the mature phase of El Niño, when air-sea interactions are particularly strong.
Since the seasonal mean is analyzed in this study, it is not feasible to use the lead-lag analysis to show the
causality of relationship between the HC and SST. However, as shown in Feng, Li, Jin, et al. (2017), the simul-
taneous relationship between the HC and SST is most significant, and 1 month leads or lags would not
change the response ratio of the HC to SST in the seasonal cycle. Meanwhile, the response of the HC to
SST is well reproduced in the theoretical and numerical models during the annual mean (Feng et al., 2016).
Note that spring and autumn HC display similar spatial structure with that in annual mean HC, supporting
the viewpoint that SST modulate the variation of HC during these seasons. On the other hand, there are some
specific behaviors that occur in spring, that is, the spring predictability barrier (e.g., Lau & Yang, 1996, Troup,
1965, Webster & Yang, 1992). It is therefore of interest to further evaluate the possible role of such behavior in
determining the response of the HC to SST. The availability of the numerical models provides a possible way
to explore this issue and will be discussed in future work. Also, the possible role of background climate con-
ditions in determining the enhanced response contrast during spring merits further investigation. Bearing in
mind that the Indo-Pacific warm pool is strongest during boreal spring, it may be interesting to further exam-
ine the possible impacts of the warm pool on the response contrast of the HC to different SST meridional
structures. In addition, comparing that autumn is generally corresponding to the developing phases of El
Niño, while spring could either correspond to the decaying phases or the developing phases of El Niño.
This enhances the complexity of the response of the HC to SST during spring.

The present study focuses on the equinox seasons, but the HC during boreal winter and summer exhibits
strong interdecadal and interannual variations (Li & Feng, 2017), and the winter and summer cells are domi-
nated by different regimes (Walker & Schneider, 2006). The associated response of the HC to SST during these
seasons is still unknown. However, boreal summer is the monsoon season, when the prevailing monsoon cir-
culation dominates the Asia-Australia domain, with strong air-sea feedback. For example, as reported that
prevailing of the monsoon could alter adjacent ocean SST via wind-evaporation-SST mechanism (e.g., Ding
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& Chan, 2005; Wang et al., 1999). Boreal winter corresponds to the mature phase of El Niño with complex and
active air-sea interactions on both regional and global scales. Thus, the circulation and SST during boreal win-
ter and summer show strong regional characteristics and are less zonally uniform than those during spring
and autumn. In addition, the calculation of MSF is based onmass conservation and gives a global zonal mean.
Therefore, the MSF based on the meridional wind is not suitable for depicting the regional meridional circu-
lation. Some other variables, such as the vertical shear of themeridional wind (Oort & Yienger, 1996) and velo-
city potential (Tanaka et al., 2004), show limitations in depicting the variations of the HC (Tanaka et al., 2004).
Thus, it is difficult to distinguish the role of regional circulation on the response of the HC to SST from the
observational data sets. However, sensitivity experiments using coupled simulations provide a feasible
approach to assessing the impact of regional air-sea interactions on the response of the HC to SST. Further
work on this topic will be carried out to improve understanding of the impacts of regional climatic events
on the variation of the HC as well on the regional meridional circulation.

Finally, the equatorially asymmetric variation of spring and autumn HC are connected to different SST signals
(i.e., the EM and AMO), but the EM and AMO display different interannual and interdecadal variations, sug-
gesting that different climatic effects may be associated with the variations of HEA during spring and autumn
seasons. On the other hand, the developing and decay phases of El Niño also display diverse influences on
the regional climate (i.e.,Feng & Li, 2011; Huang & Wu, 1989; Xue & Liu, 2007). Therefore, the decomposition
used here provides a feasible approach to separating the individual effects of the equatorially asymmetric
and symmetric components of the HC, since these components show different spatial and temporal varia-
tions and are controlled by different modes of ocean variability. Further work regarding the climatic effects
of the HC on the regional climate using the decomposition method will be carried out to further understand
the role of the HC in determining global and regional climatic anomalies, which will be helpful for further
understanding the climatic effects of the HC and regional climate change.
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