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Abstract

The role of El Nifio in influencing the response of the Hadley circulation (HC) to different tropical sea surface temperature
(SST) meridional structures is investigated over the period 1979-2016. The explained variance of the equatorially asym-
metric principal mode of HC variability is enhanced during El Nifio events that are characterized by equatorially symmetric
El Nifio SST anomalies. It is shown that the response of the HC to different SST meridional structures is greatly enhanced
in El Nifio events; this is because the SST over the Indo-Pacific warm pool (IPWP) shows inhomogeneous warming in El
Nifio events, with greater values in the southern IPWP. The asymmetric warming over the IPWP is opposite to the climato-
logical meridional structure of the SST over the IPWP, which intensifies the equatorially symmetric variation of SST, and
contributes to the enhanced response of the HC to SST. This point is further verified by the suppression of this enhanced
response in El Nifio events of the HC to SST when the effects of SST over the IPWP are removed, implying that the different
warming amplitude within the IPWP during the El Nifio events contributes to the enhanced response. The response in La
Nifia events is also explored, indicating a difference between El Nifio and La Nifia events. These results may help explain
the corresponding variations of the HC during the El Nifio events, and highlight the different influences of the El Nifio and
La Nifia events on the response of the HC to SST.

Keywords Hadley circulation - Sea surface temperature - Equatorially asymmetric - Equatorially symmetric - Indo-Pacific

warm pool

1 Introduction

The El Nifio/Southern Oscillation (ENSO) phenomenon is
the most significant interannual climate signal in the tropical
atmosphere—ocean interaction, and has widespread impacts
on the global climate system and socio-economic activity.
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There has been extensive research into its dynamics (e.g.,
Bjerknes 1969; Cane and Zebiak 1985; Picaut et al. 1997),
interannual variations (e.g., Jin 1997a, b; Wang et al. 1999;
Latif and Keenlysid 2008), decadal variability (e.g., Latif
et al. 1997; Zhang et al. 1997), and regional impacts (e.g.,
Nicholls 1979; Kiladis and Diaz 1989; Tomita and Yasu-
nari 1996; Wang et al. 2000; Xie et al. 2009; Feng and Li
2011). Among these, the influence of ENSO on the Hadley
circulation (HC) has attracted wide interest because the HC
is a thermally driven meridional circulation and is sensi-
tive to changes in the underlying thermal conditions (Fu
et al. 2006; Mitas and Clement 2006; Hu and Fu 2007; Lu
et al. 2008, 2009). Intensified subtropical jets and HC have
been observed during El Nifio events (Seager et al. 2003),
and the relationship between the boreal winter HC and El
Nifio has been considered (e.g., Mitas and Clement 2005;
Stachnik and Schumacher 2011). The possible connection
between El Nifio and the long term variability of seasonal
HC were investigated (Ma and Li 2008; Feng et al. 2011;
Sun and Zhou 2014; Guo et al. 2016). Meanwhile, it has
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been demonstrated that the sea surface temperature (SST)
over the Indo-Pacific warm pool (IPWP) plays an impor-
tant role in determining the interdecadal variation of the
HC (e.g., Ma and Li 2008; Feng et al. 2011; Li and Feng
2017). The continuous warming of the IPWP favours the
intensification of the boreal spring and winter HC (Li and
Feng 2017). These studies show that the SST over both the
IPWP and tropical Pacific has an important impact on the
variations of the HC.

In addition, previous studies have found that the meridi-
onal distribution of tropical SST has an important influ-
ence on the spatial and temporal variations of the HC. For
example, earlier theoretical studies have indicated that the
strength and position of the convergence (Schneider and
Lindzen 1977; Rind and Rossow 1984), as well as the verti-
cal motion (Lindzen and Nigam 1987; Hou and Lindzen
1992) in the lower levels are altered by the adjustment of the
meridional structure of the underlying tropical SST. Results
from Numaguti (1994) further support this viewpoint, that
the meridional gradient of tropical SST has a strong influ-
ence on the convergence in the planetary boundary layer.
Our previous studies based on theoretical and observational
analysis have illustrated that the meridional structure of trop-
ical SST determines the spatial distribution of the HC (Feng
and Li 2013; Li and Feng 2017). The position of ascent of
the HC adjusts to the position where the meridional gradi-
ent of SST equals zero and its value is changing from posi-
tive to negative (Feng and Li 2013). That is, an equatorially
symmetric (asymmetric) anomalous meridional circulation
is accompanied by an equatorially symmetric (asymmetric)
anomalous SST forcing. For example, intensified inhomoge-
neous warming over the [IPWP alters the meridional gradient

Fig. 1 a Spatial SST anoma-

(a) ERSST

of tropical SST, which in turn contributes to the formation
and trend of the long-term variability of the HC (Li and Feng
2017). Besides the qualitative influence of the meridional
distribution of SST on the HC, it has been demonstrated that
the amplitude of the HC response to equatorially asymmet-
ric SST is approximately five times as strong as that to the
equatorially symmetric SST on interannual timescales (Feng
et al. 2016), and it is about four times as strong in the sea-
sonal cycle (Feng et al. 2017). These studies quantitatively
emphasize the important role of the meridional structure of
SST on the HC over interannual and seasonal timescales, in
the context of the response of the HC to SST under general
climatological conditions.

However, ENSO shows not only strong difference in
the SST anomaly zonal structure, but also exhibits evi-
dent meridional structure in both its warm and cold events
(Zhang et al. 2009, 2013). In general, an El Nifio event is
associated with an equatorially symmetric SST structure
(i.e., with the maximum SST anomalies around the equa-
tor), as shown in Fig. 1. Does the occurrence of El Nifio
events alter the meridional structure of tropical SST? In
an earlier paper we reported that an anomalous equatori-
ally symmetric meridional circulation (i.e., with the maxi-
mum anomalous ascent around the equator; Feng and Li
2013) is related to El Nifio events during boreal spring.
Does the spatial distribution of the meridional circulation
change during the evolution of El Nifio events? Moreover,
if the occurrence of El Nifio events alters the meridional
structure of tropical SST, does the sensitivity of the HC to
the meridional distribution of the SST (Feng et al. 2016,
2017) change the response of the HC to SST? Therefore,
it is of interest to examine whether and to what extent the
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meridional structures of the SST are changed, and in turn
whether the amplitudes of the response of the HC to SST
are altered during the El Nifio events. Accordingly, one of
the key goals of the present study is to quantitatively inves-
tigate and compare the differences in the response of the
HC to SST during the El Nifio cases and over the whole
study period, and to explore the role of El Nifio events in
the variation of the HC.

To compare the impact of El Nifio on the amplitude
of the response of the HC to SST, the variations of the
HC and tropical SST are linearly separated into two com-
ponents (i.e., equatorially asymmetric and symmetric) to
explore the corresponding variations in their response ratio
during the El Nifio events and in the whole study period
following Feng et al. (2017). The remainder of this paper
is organized as follows. Section 2 describes the datasets
and methodology. The variations of the response ratio of
the HC to different SST meridional structures during the
El Nifio events are shown in Sect. 3. Section 4 describes
the possible reasons for these different response contrasts.
The possible situation during the La Nifia events is dis-
cussed in Sect. 5. Finally, Sect. 6 contains a short discus-
sion and our conclusions.

2 Datasets and methodology
2.1 Datasets

Two global SST datasets were used to estimate the possible
role of El Nifio in determining the response of the HC to
tropical SST. These widely used datasets were the Extended
Reconstructed SST version 3 on a 2°x2° grid (ERSST;
Smith et al. 2008), and the UK Met Office Hadley Centre’s
sea ice and SST dataset with 1° X 1° resolution (HadISST;
Rayner et al. 2003). The Nifio 3 index is used to identify El
Nifio and La Nifia events (areal averaged SST over 5°S—5°N,
150°W-90°W) available via https://www.esrl.noaa.gov/psd/
gcos_wgsp/Timeseries/Data/nino3.long.anom.data. Three
atmospheric reanalysis datasets were used to obtain the char-
acteristics of HC: the European Centre for Medium-Range
Weather Forecasts (ECMWF) Re-Analysis interim (ERAI)
globally archived dataset that covers 1979 to 2016 with a
resolution of 1.5°% 1.5° on 32 vertical levels (Dee et al.
2011), the Japanese 55-year Reanalysis dataset (JRA) that
covers 1979-2016 on a resolution of 1.25°% 1.25° and 32
vertical levels (Ebita et al. 2011), and the National Centers
for Environmental Prediction-Department of Energy Atmos-
pheric Model Intercomparison Project reanalysis (NCEP2)
covering the period 1979-2016 on 17 vertical levels (Kan-
amitsu et al. 2002). Multi-reanalyses were used to verify the
reliability of the results. Here, the common available period

of 1979-2016 was used as the climatological mean, and the
annual cycle was removed before the analyses.

2.2 Method

To illustrate the role of El Nifio in determining the response
contrast of the HC to SST, instead of the calendar year we
consider an austral year that depicts a whole cycle of an El
Nifio event; i.e., from July of 1 year to the following June.
The austral year in which the monthly Nifio 3 index is above
(below) 0.5 °C (—=0.5 °C) for at least 9 months is defined
as an El Nifio (La Nifia) event. This gives six El Nifio
events (i.e., 1982/1983, 1986/1987, 1991/1992, 1997/1998,
2009/2010, and 2015/2016) and six La Nifia events (i.e.,
1984/1985, 1988/1989, 1998/1999, 1999/2000, 2007/2008,
and 2010/2011) during the period 1979-2016. These events
are consistent with the occurrence of El Nifio and La Nifia
events in the previous studies (e.g., Zhang et al. 2015). These
six warm and six cold events constitute the subsets of El
Nifio and La Nifia events each with length of 72 (6 x 12)
months, and the 37 reconstructed austral years (i.e., from
July 1979 to June 2016) in the period 1979-2016 constitute
the whole study period with a length of 444 (37 12) months
in the following analysis. In addition, 12 neutral events (i.e.,
1979/1980, 1981/1982, 1985/1986, 1989/1990, 1992/1993,
1996/1997, 2001/2002, 2003/2004, 2005/2006, 2008/2009,
2012/2013, and 2013/2014) are chosen that have monthly
Nifio 3 index in the range — 0.5 °C to 0.5 °C for at least
9 months, to highlight the robustness of the result. Note that
the result based on a subset of 6 neutral events is consistent
with that based on 12 events, thus only the result based on
12 neutral events is shown here.

The HC is inferred from the mass stream-function
(MSF), with the MSF exhibiting a clockwise circulation
in the Northern Hemisphere (NH) and an anti-clockwise
circulation in the Southern Hemisphere (SH; Holton
1994). To examine the possible impacts of El Nifio events
on the response of the HC to different meridional struc-
tures of tropical SST, the spatial variations in the HC and
SST were separated into two components following Feng
et al. (2017); i.e., the equatorially asymmetric component
and the equatorially symmetric component. Note that the
decomposition method was first introduced by Guan et al.
(1994) and Wang et al. (1994), in which they called ‘odd’
(corresponding to the asymmetric variation) and ‘even’
(corresponding to the symmetric variation) components.
Bases on the decomposition, the climatic features and tem-
poral evolution of circulations (i.e., temperature, zonal and
meridional wind, geopotential height) are analysed. And
they have illustrated that there is a relationship between a
major El Nifio event and the component anomalies. How-
ever, they did not apply this decomposition into the verti-
cal direction, neither nor the linkage between the HC and
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tropical SST. The zonal-mean SST is decomposed into the
equatorially symmetric (SES) and asymmetric (SEA) vari-
ations as follows:

SST(y) + SST(~y)
2 2

SST(y) — SST(-y)
— 5

ey
where y is the meridional distance north of the equator. We
define the MSF to be (a) symmetric depending on whether
the vertical velocity is (a) symmetric about the equator,

SES(y) = SEA(y) =

MSF(y) - MSF(=y)

MSF(y) + MSF(—y)
5 _—

@)
Note that the sum of the equatorially asymmetric and
symmetric variations is equal to the original variations.
The definitions of HEA (HES) and SEA (SES) are oppo-
site because the vertical velocity is defined to be symmetric.
More details regarding the calculation and physics of the
decomposition are given in Feng et al. (2017). Note that the
variations of the HEA and HES are not orthogonal, and the
relationship between the HEA and HES is changeable in dif-
ferent seasons (Feng et al. 2018). The monthly variations of
the HEA, HES, SEA and SES were obtained using the above
decomposition method, and then empirical orthogonal func-
tion (EOF) analysis was used to detect the principal mode
and principal component (PC) of their monthly variations.
However, a global integral was used to present the temporal
variation of the variables instead of the EOF in Guan et al.
(1994) and Wang et al. (1994). The EOF is employed for
the following considerations, i.e., the air-sea interactions in
the tropics and extra-tropics are different, and it is reported
the tropical SST plays important role in determining the
variation of HC for which is a thermally driven circulation.
The global integral method introduced in Guan et al. (1994)
considers the impacts from both the tropics and extra-tropics
rather than those only from the tropics. Moreover, it is seen
the first dominant modes for both the tropical SST and HC
explain a large portion of variances, representing their fun-
damental variations.
A response contrast index of the HC to different SST
meridional structures is correspondingly defined as,

PC1(HEA)/PCI1(SEA)
PC1(HES)/PC1(SES) ’ ®)

HES(y) = HEA(y) =

ratio =

where PC1(HEA) refers to the first PC of the variability
of HEA, and similarly for other variables. The numerator
(denominator) in Eq. (3) (referred as RegA (RegS)) rep-
resents the amplitude of the response of the equatorially
asymmetric (symmetric) circulation to the equatorially
asymmetric (symmetric) SST forcing. Thus, the index in
Eq. (3) demonstrates the sensitivity of the HC to different
SST meridional structures; i.e., a larger value implies a more
sensitive response of the HC to the equatorially asymmetric

@ Springer

SST forcing. If the response amplitudes of the anomalous
HC to the equatorially asymmetric and symmetric SST is
same, then ratio equals to 1. Note that the decomposition
here is not only a mathematical construct, it has physical
meaning; for example, an El Nifio-like SST pattern within
the tropical Pacific generally corresponds to an equatorially
symmetric SST structure as seen below. However, an SST
pattern within the Atlantic related to the Atlantic Multi-
decadal Oscillation is equivalent to an equatorially asym-
metric SST structure (Feng et al. 2018). The relationship
between the HC and SST is investigated using correlation
and regression analysis. The influence of the SST over the
IPWP on the HC (SST) is removed by subtracting the linear
regression of the HC (SST) on the SST over the IPWP, and
the unrelated residual (non-IPWP variability) is the variation
independent of the SST over the IPWP following Caballero
(2007). The decomposition is then applied to the residuals of
the HC and SST, and calculation of the response is repeated
to detect the possible impacts of SST over the [IPWP on the
response of the HC to SST. The statistical significance of
the correlation and regression values was evaluated by a
two-sided Student’s ¢ test.

3 Impact of El Nifio on the response
of the HC to SST

3.1 Variations of the HC during the El Niiio events

El Nifio events are associated with strong positive SST
anomalies within the tropical central, eastern Pacific and
Indian ocean (Kumar and Hoerling 2003), and relatively
weak negative SST anomalies over the western Pacific
(DeWeaver and Nigam 2004), with maximum amplitudes
around the equator, decreasing poleward gradually (Fig. 1);
this results in an overall basin-wide zonally averaged heating
over the tropical Pacific Ocean that displays a cosinusoidal-
like meridional distribution with the maximum around the
equator. Thus, an equatorially symmetric SST anomaly pat-
tern accompanies the El Nifio events. The corresponding
global mean anomalous meridional circulation is shown in
Fig. 2. Considering the interannual variability of the HC
over the whole study period, the first dominant mode of the
anomalous HC (EOF1) is equatorially asymmetric; i.e., with
the combined ascending branch located to the south of the
equator, and descent around 15°N. This mode is consistently
observed in the three atmospheric reanalyses, explaining a
variance of ~25%. Note that the spatial distribution of this
mode is similar to that of the long term seasonal variabil-
ity (Ma and Li 2008; Li and Feng 2017) and annual cycle
(Dima and Wallace 2003; Feng et al. 2017) of the HC, but
with smaller explained variance. An equatorially asymmetric
mode with similar intensity (the maximum values of MSF)
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Fig.2 Left panel: EOF1 of
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and extent (defined by the differences between the locations
of the ascending and descending branch) is observed dur-
ing the El Nifio events. However, the explained variance of
this mode is evidently enhanced during the El Nifio events
compared with the whole period (above 40% in the subset
of El Nifio events). The enhanced explained variance of the
equatorially asymmetric mode of the HC is found across
the three reanalyses, indicating its robustness. In addition,
we examine whether the length of the sample influences the
explained variance in EOF analysis. To verify the possible
influence of the sample length, the EOF results during the
six La Nifia events (the sample length is same as that during
the El Nifio events) and 12 neutral events (the sample length
is larger as that during the El Nifio events) are chosen to
give a direct comparison. It is consistently observed in both
ERALI and JRA reanalyses (not shown) that the explained
variance for the first dominant mode of the HC during the
La Nifia events (with ~24% explained variance) and neutral
events (with ~23% explained variance) is comparable to that
over the whole period (with ~24% explained variance). This
result suggests that the enhanced explained variance of the
equatorially asymmetric mode of the HC during the El Nifio
events is not due to the smaller sample.

The enhanced explained variance of the asymmetric mode
does not follow directly from the conclusion in Feng and Li

(2013) that an equatorially symmetric anomalous SST is
associated with an equatorially symmetric meridional cir-
culation. The possible reason why an increased (rather than
suppressed) explained variance of the equatorially asym-
metric circulation is observed during the El Nifio events is
discussed below.

3.2 Enhanced response ratio of the HC to SST
during the El Nifio events

To explore the possible causes of the enhanced explained
variance of the equatorially asymmetric mode during the El
Niflo events, we first decompose the variations of the tropi-
cal zonal-mean SST into the SEA and SES components, to
analyze their separate variations during the El Nifio events.
The principal modes of the SEA and SES in the whole study
period and during the El Nifio events are shown in Fig. 3.
A sinusoidal-like distribution dominates the variations of
SEA over both the whole period and El Nifio event cases. In
contrast, the dominant mode of SES is a Gaussian distribu-
tion, with the maximum at the equator. Note that differences
between the El Nifio events and the whole period are small,
in both the spatial distribution of the first dominant mode
of both SEA and SES, and the explained variances of the
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dominant modes for both the SEA (i.e., changes are less than
2%) and SES (i.e., changes are less than 3%).

The principal mode of variation of the HEA and the HES
over the whole period is shown in Fig. 4. The EOF1 of HEA
is dominated by an equatorially asymmetric cell, explain-
ing a variance of ~45% across the different reanalyses, with
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ascending and descending branches around 15°S and 15°N,
respectively. The extent, intensity, and explained variance
of this mode are consistent across the three reanalyses. Note
that the spatial distribution of this mode resembles that of
the total HC as shown in Fig. 2 (left panel). A similar spatial
structure of the EOF1 is observed during the El Nifio events,
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but with evident enhanced explained variance (~60%),
which agrees well in different reanalyses. This result
implies that the EOF1 of HEA is more concentrated during
the El Nifio events, supporting the result that the variance
explained by the equatorially asymmetric mode is increased
during the El Nifio events (compare right panels in Figs. 2
and 4). Note that the explained variance (~40%) of the first
dominant mode of the HEA during the La Nifia events and
neutral events is comparable to that over the whole period
(not shown), confirming that the enhanced explained vari-
ance of the dominant mode for HEA during the El Nifio
events is not due to the smaller sample.

As for the variability of the HES, we see that its EOF1
displays an equatorially symmetric structure, explaining
about 40% of the variance (Fig. 5). The combined ascend-
ing branch of this mode is located at the equator, and the two
descending branches are located at about 30° latitude in both
hemispheres. As with the HEA, the explained variance of
this mode is enhanced during the El Niflo events (~50% vs.
~40%). Although the spatial distributions of the dominant
modes of HEA and HES during the El Nifio events are not
very different from those in the whole period, the explained
variances are substantially enhanced, unlike the zonal-mean
SST that has similar explained variances for the dominant
modes of SEA and SES during the El Nifio events to those

Fig.5 Asin Fig. 4, but for the

(@) EOF1_HES Whole (38.6%)

for the whole study period. This result implies that there
may a change in the response of the HC to SST or that the
changes in the explained variances of HC and SST are not
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compare the response of the HC to different SST meridional
structures in the whole period and during the El Nifio events.
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much larger than that of HES to SES (Fig. 6; Table 1).
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approximately ten times that of HES to SES during the
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ences, the ratios of the HEA to SEA and HES to SES are
comparable across different reanalyses (Table 1). More
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Fig.6 a Scatterplot of the PC1

(a) HEA SEA Whole

(b) HES SES Whole

of the equatorially asymmetric
variation of SST (from ERSST)
against the PC1 of the equatori-
ally asymmetric variation of the
HC (from ERAI) (red dots), and
their linear fit (black crosses)
during the whole study period.
b As in a, but for the equatori-
ally symmetric variation of the
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Table 1 Regression coefficients (RegA/RegS) between the HEA/HES PC1 with respect to the SEA/SES PC1 and their ratio calculated using the

various reanalysis datasets

Without the effects of IPWP

NCEP2

ERAI

JRA

NCEP2

Period Type Raw data
ERAI JRA

Whole period ~ RegA  32.10% (21.22*%)  40.02* (25.86%)
RA 0.43* (0.46%) 0.43* (0.45%)
RegS 7.74% (5.28%) 12.18% (7.98%)
RS 0.46% (0.44%) 0.58* (0.54%)
Ratio 4.14.0) 3332

El Nifio RegA 67.0% (39.37%)  74.22% (41.67%)
RA 0.71% (0.74%) 0.68* (0.67%)
RegS 5.33% (3.78%) 11.40% (7.99%)
RS 0.36% (0.36%) 0.62* (0.62%)
Ratio 12.6 (10.4) 6.5(5.2)

17.39% (12.20%)
0.37* (0.43%)
4.43% (3.23%)
0.45% (0.47%)

3.9 (3.8)

33.34% (19.66%)
0.68* (0.70%)
3.16% (2.33%)
0.36* (0.38%)

10.6 (8.4)

32.12% (21.20%)
0.43% (0.47%)
9.07* (6.29%)
0.40% (0.39%)

3.5(3.4)

70.31% (41.50%)
0.74% (0.78%)
9.79% (6.19%)
0.31% (0.31%)

7.2 (6.7)

40.21% (26.35%)
0.44% (0.47%)
11.09% (7.41%)
0.42% (0.40%)
3.6 (3.6)
80.03%* (45.60%)
0.73% (0.74%)
17.97% (11.27%)
0.52% (0.51%)
4.5 (4.0)

17.38% (11.98%)
0.37* (0.42%)
6.64% (4.58%)
0.50% (0.48%)

2.6 (2.6)

33.78%* (19.84%)
0.68* (0.71%)
5.97% (3.51%)
0.34% (0.31%)

5.7(5.7)

RA/RS are for the correlation coefficients between the HEA/HES PC1 and SEA/SES PCI1. Significant coefficients at the 0.05 level are marked

with asterisks. The values outside (within) the brackets are based on ERSST (HadISST)

importantly, the greater response amplitude of HEA to
SEA than of HES to SES is further enhanced during the
El Nifio events. Note that the EOF1 amplitudes for SEA
and SES are comparable (Fig. 3); a stronger response of
the HC to SST during the EI Nifio events means that the
equatorially asymmetric variations in the HC are intensi-
fied under the same magnitude of anomalous SST forcing,
corresponding to the enhanced explained variances of the
equatorially asymmetric mode during the El Nifio events
as shown in Fig. 2. However, the explained variances
of the principal mode for both the SEA and SES do not

@ Springer

change much during the El Nifio events, as they are not
affected by the significant equatorially symmetric anoma-
lous SST that accompanies El Nifio. This indicates that
SST variation in the tropical Pacific may not explain the
enhanced response ratio of the HC to SST. Therefore, the
associated variations of tropical SST in different ocean
basins are further examined to illustrate the regional SST
characteristics during the El Nifio events.
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Fig.7 Profiles of zonal-mean SST anomalies within the tropi-
cal a Pacific (140°E-60°W), b IPWP (30°E-140°E), ¢ Atlantic
(60°W=30°E), and d sum of the Pacific and Atlantic (140°E-30°E)
during the El Nifio events. Red (blue) lines indicate based on ERSST
(HadISST) data, dotted line indicates significant at the 0.1 level

4 Role of the SST over the IPWP
in the enhanced response of the HC to SST
during the El Nifio events

The regional SST variation in different ocean basins is dis-
played to further explore the meridional structures of trop-
ical SST during the El Nifio events (Fig. 7). The ERSST
and HadISST data consistently show that the zonal-mean
profiles of anomalous SST within the Pacific and Atlan-
tic are equatorially symmetric with maximum magni-
tude at the equator during the El Nifio events (Fig. 7a,
c), despite having different signs (i.e., positive anomalies
over the tropical Pacific, but negative over the tropical
Atlantic). The variations averaged over the tropical Pacific
and Atlantic are also equatorially symmetric (Fig. 7d). In
contrast, the profile of zonal SST over the IPWP shows
an inhomogeneous variation, with larger anomalies in the
southern region of the IPWP (Kumar and Hoerling 2003;
also see in Fig. 1). That is, an anomalous equatorially
asymmetric SST within the IPWP develops during the El
Nifio events. The asymmetric variations of SST over the
IPWP are further examined during the life cycle of the El
Nifio events. The asymmetric anomalies of tropical SST
within the IPWP between the southern and northern coun-
terparts gradually strengthen as the El Nifio events develop
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Fig.8 a Seasonal cycle of the areal mean SST anomalies within the
southern region (purple), northern region (green), and whole (yellow)
of the IPWP during the El Nifio cycle using ERSST data. b As in a,
but using HadISST data. The solid line is significant at the 0.1 level

(Fig. 8), showing the largest difference in the mature and
decay phases (i.e., from February to May). This suggests
that El Nifio events may intensify an equatorially asym-
metric anomalous SST with greater values in the southern
IPWP. However, the meridional structure of the anoma-
lous warming over the IPWP during the El Nifio events
is opposite to its climatological SST distribution over the
IPWP. The northern IPWP is warmer than the southern in
the climatologys; i.e., the areal mean SST over the north-
ern (southern) IPWP is 28.5 °C (27.7 °C), implying that
the equatorially asymmetric SST variation over the IPWP
would be suppressed, resulting in strengthened equatori-
ally symmetric SST variation during the El Nifio events.
The above deduction regarding the influences of the
asymmetric warming over the IPWP on the SST variability
is based on the associated standard deviations of SST in the
following two cases: in the raw data and after removing the
effects of SST over the IPWP during the El Nifio events.
The standard deviation of SEA shows little change between
these two cases. However, the standard deviation of SES is
smaller when the effects of SST variation over the IPWP are
removed (Fig. 9). Meanwhile, the variability of HEA and
HES changes little after removing the effects of SST over the
IPWP during the El Nifio events (Fig. 10). The result indi-
cates that the asymmetric warming over the IPWP during
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Fig.9 a The distribution of (a) seA (b) seS
standard deviation of SEA 0.12 0.4
during the El Nifio events for
the raw (red) and after remov- 0.08 1
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standard deviation of SEA in
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the El Nifio events plays a role in influencing the response
of the HC to SST by intensifying the variability of the SES.

On this point, we further verified the role of the asymmet-
ric warming over the IPWP during the El Nifio events in the
response of the HC to symmetric and asymmetric SST by
removing the effects of SST over the IPWP. The scatterplot
of SST versus HC after removing the effects of the IPWP is
shown in Fig. 11. The significant relationships between the
HEA and SEA, and the HES and SES are not changed after

@ Springer

removing the effects of SST over the IPWP. However, the
contrast in the response of HEA to SEA and HES to SES is
largely suppressed, and is comparable to that seen over the
whole period (Table 1); this result is found consistently in dif-
ferent reanalyses. On the other hand, the response ratio of the
HC to SST in the whole period does not appear to be affected
by the SST over the IPWP. The result above highlights the
role of the equatorially asymmetric SST variations within the
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Fig. 11 As in Fig. 6, but after
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(60°W-30°E), and d IPWP and Atlantic (60°W-140°E) during the La
Nifia events. Red (blue) lines indicate ERSST (HadISST) data, dotted
line indicates significant at the 0.1 level
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IPWP in contributing to the enhanced response contrast of the
HC to SST during the El Nifio events.

5 Situation during La Nifha events

The response amplitude of the HC to SST during the El
Nifio events has been analyzed above. However, strong
differences between warm and cold ENSO events have
been reported (e.g., Feng and Li 2011; Zhang et al. 2015),
indicating that the cold events are not simply the opposite
of the warm events as reported in many studies (e.g., Feng
and Li 2011; Karori et al. 2013; Zhang et al. 2015). The
response of the HC to SST during the La Nifia events is
discussed further in this section. Unlike El Nifio events,
the explained variances of the EOF1 of HEA and HES dur-
ing the La Nifia events show little change from the result in
the whole period; i.e., with values of ~41.6% and ~38.1%
using ERAI respectively (figures not shown). The regional
tropical SST profiles over different ocean basins during the
La Nifia events are presented in Fig. 12. Similar equatori-
ally symmetric but negative SST anomalies are seen over
the tropical Pacific. In contrast, unlike El Nifio events,
insignificant equatorially asymmetric SST anomalies are
seen over the IPWP and tropical Atlantic but with oppo-
site signs, being negative over the IPWP but positive over
the Atlantic. However, the sum of these SST anomalies
is equatorially symmetric, with the maximum around the
equator (Fig. 12d). This result is observed in both ERSST
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Fig. 13 a Scatterplot of the PC1 (@) ERSST HEA

(b) ERSST_HES

of the equatorially asymmetric 80
variation of SST (from ERSST)
against the PC1 of the equatori-
ally asymmetric variation of the
HC (from ERAI) (red dots), and
their linear fit (black crosses)
during the La Nifia events. b

As in a, but for the equatorially

(Y=30.66X)

(HEA)

symmetric variation of the SST
and HC. ¢, d As in a, b, but
based on the HadISST

(HEA)

(SEA)

and HadISST datasets. Thus, there is no enhancement of
the equatorially asymmetric SST anomalies during the La
Niifia events, which in turn implies that the response con-
trast of the HC to SST does not vary as much as during
the El Nifio events. This point is further established by the
equivalent response contrast of the HC to SST during the
La Nifa events and in the whole period; i.e., with response
ratio coefficients of 3.8 and 4.5 using ERSST and Had-
ISST, respectively (Fig. 13). Moreover, the EOF1 of the
HC during La Nifia events is highly consistent with those
in the whole period, in both the spatial distribution and
explained variance (not shown), indicating the difference
between the warm and cold events of ENSO in modulating
the response of the HC to tropical SST.

6 Discussion and summary

The impact of ENSO on the response of the HC to differ-
ent tropical SST meridional structures is investigated using
multiple atmospheric and SST datasets over the past four
decades. El Nifio is associated with equatorially symmetric
SST anomalies, which are connected with equatorially sym-
metric meridional circulation (Lindzen and Nigam 1987;
Feng and Li 2013). However, we found that the principal
mode of the HC variability (an equatorially asymmetric
mode), is strengthened rather than suppressed, with greater
explained variance during the El Nifio events. Moreover, the
response of HEA to SEA and of HES to SES is generally
greater during the El Nifio events than in the whole period,
although there are no obvious changes in the explained vari-
ance of the first dominant mode in either the SEA or SES.
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By examining the regional SST characteristics during the
El Nifio events, we found that the anomalous SST over the
tropical Pacific and Atlantic are both equatorially symmetric
during the EI Nifio events, but the SST over the IPWP is not.
The SST over the southern part of the IPWP shows greater
warming than over the northern part, inducing equatorially
asymmetric SST anomalies within the IPWP. This asym-
metric warming show opposite meridional structure to its
climatological distribution: the northern IPWP is warmer
than the southern in the climatology, which would increase
the variability of SES. After removing the effects of the SST
over the IPWP, the enhanced response contrast in El Nifio
events of the HC to SST is generally suppressed, and is com-
parable to that seen over the whole period. Moreover, the
influence of the tropical Pacific and Atlantic on the response
of the HC to different SST meridional structures has been
investigated. The response after removing the effects of SST
in the corresponding oceans is comparable to the result for
the whole study period (not shown), which further estab-
lishes that neither the SST over the tropical Pacific nor over
the Atlantic contributes to the enhanced response during
the El Nifio events. This result supports the viewpoint that
the inhomogeneous warming of the SST over the IPWP
leads to the greater response contrast of the HC to different
SST meridional structures, which in turn contributes to the
enhanced explained variance of the equatorially asymmetric
mode of the HC during the El Nifio events.

Moreover, the situation differs between the ENSO warm
and cold events; the response contrast of the HC to SST
during the La Nifa events shows little change from that in
the whole period, implying that different physical processes
govern the response of HC to SST in El Nifio and La Nifa
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events. The differences between the warm and cold ENSO
events mainly derive from the following two points: (1) in
the La Nifia events the magnitude of SST anomalies over
the IPWP is smaller and not as significant as that during
the El Nifio events; (2) there are equatorially asymmetric
SST anomalies during the La Nifia events over the tropical
Atlantic, but equatorially symmetric anomalies during the El
Nifio events. The asymmetric SST anomalies over the tropi-
cal Atlantic counteract the SST anomalies within the IPWP,
resulting in an equatorially symmetric anomalous SST over-
all during the La Nifia events. It is unclear whether oceanic
or atmospheric processes are responsible for the different
SST meridional structures over the tropical Atlantic in the
warm and cold ENSO events. Nor is it known whether the
different response contrast is due to internal ocean processes,
or to different interaction between the air and sea. In addi-
tion, the above results are based on canonical El Nifio events,
and do not consider the extensively discussed new variant of
the El Nifio phenomenon, referred to as the Dateline El Nifio
(Larkin and Harrison 2005), El Nifio Modoki (Ashok et al.
2007), Central Pacific El Nifio (Yu and Kao 2007), or warm
pool El Nifio (Kug et al. 2009), whose impacts and evolution
differ from those of canonical El Nifio events. Moreover, it is
reported that central and eastern Pacific El Nifio events are
associated with different SST meridional distributions (Feng
and Li 2013), implying that their impacts on the response
of the HC to SST may different. Further investigation of the
impacts of this event on the response of the HC to the SST
would be of interest, comparing the differences and similari-
ties with those of the canonical events, and exploring the
possible mechanisms. Moreover, it is noted that the width
of both the HEA and HES has been narrowed during the
El Nifio events, however, it is still unknown the underlying
mechanisms. These questions are still unsolved and will be
discussed in our future work.

On the other hand, although the variation of HEA appears
to be the main contributor to the enhanced response ratio of
the HC to SST during the El Nifio events, we have discussed
the variation of Ratio is discussed rather than of RegA
(regression coefficient of SES PC1 versus HES PC1). This
is due to the following considerations. (1) The definition
of Ratio is more objective and is not affected by different
assimilation systems as both the numerator and denomina-
tor contain the variables of circulation and SST. (2) The
relationship between the HEA and HES is changeable in
different seasons (Feng et al. 2018), but the Ratio represents
the relative variation of the HC to SST. (3) The standard
deviations of SEA and SES in the whole period and during
the El Nifio events are different (Fig. 9c, d); i.e., the standard
deviation of SEA during the whole period is smaller than
that during the El Nifio events, but the opposite holds for that
of the SES. This indicates that the variability of SST in the
whole period and during the El Nifio events is different, as

is also the case when the effects of the SST over the IPWP
(Pacific) are removed, suggesting that a comparison of RegA
between the whole period and during the El Nifio events
would not be objective.

In addition, the influence of El Nifio on the SST over the
Indian Ocean has been discussed extensively (e.g., Lau and
Nath 2003; Kumar and Hoerling 2003; Xie et al. 2009), but
most research has considered the zonal differences in the
SST or taken the Indian Ocean as a whole, with less attention
paid to the meridional structures of the SST over this region.
In the present study, we have found that the southern part of
the IPWP shows greater warming amplitude than the north-
ern part during the El Nifio events, particularly in the matur-
ing and decaying phases. It is worth investigating further
the possible reasons for this inhomogeneous warming, to
compare whether similar warming differences are observed
in the central El Nifio events, and to examine its associated
climatic effects, particularly on the regional meridional cir-
culation. Meanwhile, since the atmosphere—ocean system
exhibited strong decadal variability in the late 1970s, and
it is reported that the meridional extents of the El Nifio and
La Nifia events show evident decadal variations (Zhang et al.
2009, 2013), it would be interesting to examine whether the
decadal variation of the meridional extent influences the
meridional structures of the associated SST anomalies, the
response of the HC to SST, and the interdecadal variation
of the HC. In addition, the role of the background climate
conditions in determining the response of the HC to tropical
SST deserves further study.

Finally, our results highlight the important impact of
the inhomogeneous warming SST over the IPWP on the
response contrast of the HC to the SST during the El Nifio
events, and we find that the response of the meridional cir-
culation during El Nifo is at least twice as strong as that
in the whole period (~ 10 vs. ~4). Therefore, the different
response of the HC to SST during the El Nifio events and
in the interannual variations offers a feasible criterion for
evaluating the performance of the simulations of the Cou-
pled Model Intercomparison Project (CMIP) models, given
that El Nifio is the most significant interannual signal in the
tropical air—sea system and that its simulation by models
has been improved (e.g., Chen et al. 2016, 2017). Further
work will investigate the role of El Nifio in modulating the
responses of the HC to different SST forcing using CMIP
outputs by comparing the different response of the HC to
SST during El Nifio events and in the interannual variations.
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