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Abstract

Variations of the Hadley circulation (HC) are influenced by
the underlying sea surface temperature (SST). The contrasting
response of the HC to meridional structure of SST is examined
between two periods, one prior to and the other during the recent
warming hiatus (i.e., 1979—1998 and 1999-2015). By decompos-
ing the variations of HC and SST into equatorially asymmetric
(HEA for HC; SEA for SST) and symmetric components (HES
for HC; SES for SST), the HEA response to SEA and the HES
response to SES are quantitatively analyzed. Multiple reanalyses
consistently indicate that the ratio of the response of HEA to SEA
with respect to that of HES to SES is clearly decreased in the
period 1999-2015. This is because the response of HEA to SEA
is suppressed in this period, while the response of HES to SES
is enhanced, suggesting a corresponding change in the air—sea
interactions involved during the two periods. Further examination
found that the variation of SST over Pacific may play an important
role in determining the reduced response ratio of HC to SST in the
recent hiatus.

(Citation: Feng, J., J. Li, Y. Wang, and Y. Guo, 2017: Decreased
response contrast of Hadley circulation to the equatorially asym-
metric and symmetric tropical SST structures during the recent
hiatus. SOLA, 13, 181-185, doi:10.2151/s01a.2017-033.)

1. Introduction

Variations of the Hadley circulation (HC) are closely con-
nected to the underlying thermal conditions (Feng et al. 2011; Sun
and Zhou 2014). Previous studies have shown that the meridional
gradient of sea surface temperature (SST) plays an important
role in influencing the spatial structure of the HC. For example,
theoretical models have shown that the strength and position of
convergence in the lower troposphere is sensitive to the meridio-
nal structure of SST (e.g. Schneider and Lindzen 1977; Hou and
Lindzen 1992), and numerical models suggested that the SST
gradient is the primary factor determining the latitudinal structure
of the HC in the planetary boundary layer (Numaguti 1994).
Recently, using reanalysis data (i.e., the National Centers for Envi-
ronmental Prediction/National Center for Atmospheric Research
dataset (NCEP1)), Feng et al. (2013) pointed out that the structure
of the meridional gradient of SST determines the spatial structure
of the HC. Namely, the equatorially symmetric (asymmetric) SST
anomalies are accompanied by equatorially symmetric (asymmet-
ric) HC anomalies (Guo et al. 2016). In addition, Feng et al. (2016)
has quantitatively assessed the changes in response amplitude of
the HC to different SST meridional structures in the interannual
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scale. They found that the response amplitude of the HC to the
equatorially asymmetric SST perturbations is about ~5 times
larger than the response to equatorially symmetric SST perturba-
tions during 1948—2013. Besides, reanalysis and model data have
shown the widening of the HC from 1997 to 2012 is associated
with a decreased meridional gradient of SST between the tropics
and mid-latitudes (Adam et al. 2014). The above point further
highlights the fundamental impacts of the meridional structure of
SST on the HC.

However, global warming appears to have ‘paused’ in the past
decade; that is the global surface temperature (including SST)
shows a noticeable flat trend, or hiatus (Keenlyside et al. 2008).
Several possible explanations have been suggested for this phe-
nomenon. For instance, the contribution from sulfate aerosols (e.g.
Booth et al. 2012), the North Atlantic Oscillation (Li et al. 2013),
the eastern Pacific SST (Kosaka and Xie 2013), Pacific trade
winds (England et al. 2014), the Interdecadal Pacific Oscillation
(Dai et al. 2015), and the Pacific Decadal Oscillation (Trenberth
and Fasullo 2013). Irrespective of the cause of the hiatus in
the past decades, the changes in the temperature may alter the
meridional distribution of SST (Adam et al. 2014), which may
affect the HC in turn. Therefore, it is useful to examine the possi-
ble variations of SST meridional structure during the past decades
and earlier, and to compare the responses of HC to different SST
meridional structures between the periods prior to and during the
hiatus.

In this study, to compare the responses of HC to SST meridi-
onal structure prior to and during the hiatus, the variations of HC
and SST were linearly separated into the equatorially asymmetric
and symmetric components following Feng et al. (2016) to exam-
ine their impacts during 1979—-1998 and 1999-2005, respectively.
The remainder of this paper is organized as follows. Section 2
describes the datasets and methodology. Section 3 demonstrates
the contrasting responses of the HC to different SST meridional
structures during the two periods. Section 4 contains a short dis-
cussion and our conclusions.

2. Datasets and methodology

2.1 Datasets

The global SST reanalysis datasets used were from the UK
Met Office Hadley Centre sea ice and SST dataset gridded at 1°
x 1° resolution (HadISST; Rayner et al. 2003), and the Extended
Reconstructed SST version 3b (ERSST) on a 2° x 2° grid (Smith
et al. 2008). The atmospheric reanalyses were the NCEP1 (Kalnay
et al. 1996) at 2.5° x 2.5° resolution, the NCEP—Department of
Energy Atmospheric Model Intercomparison Project reanalysis
(NCEP2; Kanamitsu et al. 2002) at 2.5° x 2.5° resolution, and the
European Centre for Medium-Range Weather Forecasts (ECMWF)
Re-Analysis Interim globally archived dataset (ERAIL; Dee et al.
2011) at 0.75° x 0.75° resolution. Since the global zonal mean is
considered, the different resolutions of reanalyses are not inter-
polated onto a common grid. To compare the different responses
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of the HC to SST prior to and during the hiatus in the last decade,
two periods (i.e., 1979—1998 and 1999-2015) are considered. The
demarcation, 1998, corresponds exactly to a transition (i.e., turned
strengthened linear trend into decreased trend) in the strength of
the HC (Guo 2016) and temperature (England et al. 2014; Xing
et al. 2016).

2.2 Methodology

The HC is characterized by the mass stream-function (MSF).
To separately access the impacts of SST on HC, the spatial varia-
tions in SST and HC were linearly separated into two components
following Feng et al. (2016); i.e., the equatorially symmetric (HES
for HC, SES for SST) and asymmetric (HEA for HC, SEA for
SST) components. The HES and HEA are defined as

MSF(j)— MSF(—))
3 >

MSF(j)+ MSF (=)
> .

The SES and SEA are defined as

HES(j)=

HEA(j)=

SST(j)+SST(—))
- 5
SST(j)— SST(—))
-3

where j and — j correspond to the equatorially symmetric merid-
ional locations of the grid points. The sum of the equatorially
symmetric and asymmetric variations equals to its original varia-
tions. The definition of HES and HEA has opposite sign compared
to those of SST because the MSF has the same and opposite sign
across the equator for its asymmetric and symmetric components,
respectively (Feng et al. 2017). Based on the decomposition
shown, we obtain the interannual variations of the HEA, HES,
SEA, and SES. Note that the dimensions of HEA/HES and SEA/
SES are same as their original variables of HC and SST.

Empirical orthogonal function (EOF) analysis was used
to extract the principal mode of the variations of HEA, HES,
SEA and SES after removing the annual cycle. The relationship
between the HC and SST was investigated using correlation
analysis. The regression was calculated using least squares linear
regression. The statistical significance of the correlation and
regression values was evaluated by means of a two-sided Student’s
t-test.

SES(j)=

SEA(j)=

3. Results

Figure 1 shows the principal EOF mode (EOF1) of HEA
during the two periods based on different reanalyses. An equa-
torially asymmetric mode dominates the variations of HEA in
both periods, with ascending (descending) branch in the SH (NH)
around 13°S (13°N). Although the intensity of this mode shows
some differences across the reanalyses, the spatial distribution,
extent, and explained variance in the different reanalyses are
equivalent, suggesting its reliability. The explained variance of this
mode for 1979—1998 is much larger than that for 1999-2015; i.e.,
~76% versus ~47% (the averages of the three reanalyses). This is
because the response of HEA to SEA during period 1999-2015
is smaller than in 1979-1998, as will be seen below. In contrast,
the EOF1 of HES is equatorially symmetric, with the combined
ascending branch at the equator, and two mirrored cells, one in
each hemisphere (Fig. 2). The explained variance of the EOF1 of
HES in the period 1999-2015 is greater than in the period 1979—
1998; i.e., ~56% versus ~43%. As reported the long-term trend
(Wu and Xie 2003) and intensity (Waliser et al. 1999) of the HC
in NCEP1 are stronger, it is seen the intensity of the EOF1 in both
the NCEP1 and NCEP2 is greater than in the ERAI for both HEA
and HES. However, we focus on the response of HC to SST rather
than the intensity, and the result is compared between different
periods rather than among datasets, the discrepancies in the
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Fig. 1. The principal EOF mode of the equatorially asymmetric com-
ponent of the Hadley circulation (HEA) during the two periods (left
panel) 1979—-1998 and (right panel) 1999-2015, with the corresponding
explained variances based on the NCEP1 (upper), NCEP2 (middle), and
ERALI (below) reanalyses. The contour interval is 0.02 x 10" kg s™'; pos-
itive (negative) contours are shown as solid (dotted) lines, and the zero
contours are thickened. Clockwise circulation (the northern cell) is defined
as positive and anti-clockwise circulation (the southern cell) is defined as
negative.
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Fig. 2. As in Fig. 1, but for the principal EOF mode of the equatorially
symmetric component of the Hadley circulation (HES).

intensity of HC among different reanalyses are not discussed. In
addition, the regression chart of the MSF onto the HEA’s (HES’s)
principal component (PC1) displays an equatorially asymmetric
(symmetric) meridional circulation (Fig. S1), which in turn indi-
cates that the decomposition method is reasonable.

The EOF1 of SEA is equatorially asymmetric, with the maxi-
mum and minimum located around 10°S and 10°N during 1979—
1998 (Fig. 3a), respectively. However, the maximum and mini-
mum of the EOF1 of SEA during 1999-2015 are at ~20°S and
~20°N (Fig. 3b), respectively. Since the ascending and descending



SOLA4, 2017, Vol. 13, 181—185, doi:10.2151/s0la.2017-033 183

(o) SEA EOF1 (1979 1998)
——— ERSST (92.4%)
HadISST (86.8%) 0.2

(b) SEA_EOF1 (1999 _2015)

——— ERSST (86.9%)
HadISST (82.7%)

0.4

0 0
-0.2 -0.2
-0.4 -0.4

208 108 £Q 10N 20N 208 108 £Q 10N 20N

(c) SES_EOF1 (1979_1998) (d) SES_EOF1 (1999_2015)

0.2 0.2 A
0.1 ——— [ERSST (90.3%) 01 ——|ERSST (96.8%

HadISST (90.9%) HadISST (96.4%)
S 105 £Q 10N 20N S 108 £Q 10N 20N

OZ OZ
Fig. 3. (a) The principal EOF mode of the equatorially asymmetric compo-
nent of tropical zonal mean SST for the period 1979—-1998. (b) As in Fig.
3a, but for the period 1999-2015. (¢)—(d) As in Figs. 3a and 3b but for the
equatorially symmetric component. The red and blue lines indicate based
on the ERSST and HadISST data, respectively.
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Fig. 4. (a) Scatter plot of the PC1 of the SEA against the PC1 of the HEA,
using the ERSST. The red dots are the PCs of HEA and SEA, the black
dots are the linear fit of the scatter, for which the regression coefficient
is shown. (b) As in Fig. 4a, but for the scatter plot of the PC1 of the SES
against the PC1 of the HES. (c)—(d) As in Figs. 4a and 4b, but for the peri-
od 1999-2015.

branches of the anomalous HC are generally aligned with the
locations of maximum and minimum meridional SST gradient
(Feng et al. 2013; Feng and Li 2013), these results imply that the
extent of the HC associated with SEA should be broader during
1999-2015 than 1979—-1998, which is consistent with the distribu-
tion of the EOF1 as shown in Fig. 1. This point is further verified
by the significant correlations of the PCs between HEA and SEA
across different reanalyses (with correlation coefficient beyond 0.7
across different reanalyses), and consistent with previous study
that the position of the ascending branch of HC is associated with
an anomalous equatorial variation in Inter-tropical convergence
zone (e.g. Bischoff and Schneider 2014; Scheinder et al. 2014).
The EOF1 of SES is parabolic with the maximum at the equator,
decreasing with latitude in each hemisphere in the two periods
(Fig. 3¢ and 3d). The explained variance of this mode is evidently
enhanced in 1999-2015 compared with 1979—1998, consistent
with the larger explained variance of HES in 1999-2015. In con-
trast, the explained variances of SEA vary little in the two periods.
This is not consistent with the generally decreased explained
variances for the EOF1 of HEA as shown in Fig. 1, implying that
the response of HEA to SEA may differ in the two periods.

The response of HEA to SEA, and HES to SES, as well as
their response ratio in the two periods is shown in Fig. 4. During
1979-1998, a given amplitude variation in SEA is accompanied

Table 1. Regression coefficients of the HEA’s (HES’s) PC1 with respect to
SEA’s (SES’s) PC1 and their ratio calculated using the various reanalysis
datasets within the two periods of 1979—1998 and 19992015, respectivey.

ERSST3 (1979-1998) ERSST3 (1999-2015)

Data sources
ASY SYM ratio ASY SYM ratio

NCEP1 23.16 1.73 13.4 8.73 3.81 2.3
NCEP2 32.78 1.65 19.9 10.39 4.76 22
ERAI 80.46  10.03 8.0 41.64 1285 32

HadISST (1979—-1998) HadISST (1999-2015)

Data sources
ASY SYM ratio ASY SYM ratio

NCEP1 14.15 1.08 13.1 7.56 2.66 2.8
NCEP2 19.67 1.04 18.9 6.45 3.28 2.0
ERAI 48.11 5.82 8.3 26.97 9.22 2.9
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Fig. 5. (a) Regression pattern of SST with respect to the PC1 of the SEA
for the period 1979-1998. (b) As in Fig. 5a, but for the regression against
the PC1 of the SES. (¢)—(d) As in Figs. 5a and 5b, but for the period 1999-
2015. Shading indicates significant at 0.1 level.

by a ~23-unit variation in HEA, but a ~2-unit variation in HES
(based on NCEP1). This result indicates that, during 1979—1998,
the response of HEA to SEA is about ~10 times larger than that
of HES to SES even when the magnitude of the SST variation
is the same. However, for the period 1999-2015, the ratio of the
responses between HEA and HES to SST is around ~3. Similar
results are obtained for the magnitude of the response ratio using
different reanalyses (Table 1). The differences between the ratios
of the response are due to two factors: 1) the enhanced response
of HES to SES in the period 1999-2015; and 2) the suppressed
response of HEA to SEA during 19992015 as consistently seen
in Fig. 1. The suppressed response of HEA to SEA during 1999—
2015 provides an explanation for the decreased explained variance
of the EOF1 of HEA’s year-to-year variability during 1999-2015.
Meanwhile, the enhanced explained variance of the EOF1 for
HES is due to the strengthened response of HES to SES. This
result implies that air-sea interactions within the tropics during
the hiatus may change correspondingly, and the combined effects
of the responses of HEA and HES to SST lead to a decreased
response ratio of the HC to different meridional structures of SST.

Furthermore, the regional characteristics of tropical SST
associated with the SEA and SES are examined to for the different
ocean basins (Fig. 5). It is seen that the variation of SES relates
to a classical El Nifio like pattern during period 1979-1998. By
contrast, the maximal correlation center has shifted to the central
Pacific during period 1999-2015, which is consistent with the
result that the central Pacific El Nifio (Yu and Kao 2007) is more
frequent in recent decades. As to the SEA, there are significant
negative correlations over the central Pacific but centered to the
north of the equator during period 1979-1998. By contrast, the
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SEA is linked with negative correlations over central and eastern
Pacific, resembling to the La Nifia like cooling pattern (Kosaka
and Xie 2013; Li et al. 2015). On the other hand, it is known that
ENSO plays an important role in regulating the variations of HC
(e.g., Lu et al. 2008; Sun and Zhou 2014). It is reported that both
El Nifio and La Nifia are corresponding to the equatorially sym-
metric structures (Zhang et al. 2009). Thus, it is possible that
the equatorially symmetric variation of SST (i.e., SES) would
be largely impacted during the ENSO events, which in turn may
play a role in determining the meridional distribution of SST,
and alter the response ratio between the equatorially asymmetric
and symmetric variations of HC to SST. The result here implies
the variation of SST over Pacific may play an important role in
determining the reduced response ratio of HC to SST in the recent
hiatus.

In addition, considering the close relationship between the
SES and ENSO, and the demarcation year 1998 is right corre-
spond to a noticeable El Niflo event, the response contrast of HC
to SST is examined in period 1979-1997. Despite that the response
ratio in the two periods (1979-1997 versus 1999-2015) still shows
a reduction (e.g. ~9 versus ~2 for the NCEP2), it is seen that the
response ratio (HEA to SEA versus HES to SES) of including (i.e.
1979-1998) and excluding (i.e. 1979-1997) the year 1998 exhibits
an evident decrease (e.g., ~19 versus ~9 for the NCEP2). This
point highlights the important role of ENSO on the HC (Lu et al.
2008), and implies the occurrence of ENSO events plays an essen-
tial role in influencing the meridional structure of tropical SST.

4. Conclusions and discussion

This paper demonstrates that the contrast in the response of
HEA to SEA against HES to SES evidently decreased during the
recent hiatus compared with the previous period. The response
ratios between HEA to SEA against HES to SES varied from ~10
to ~3 from the period 1979-1998 to 1999—-2015. This decrease in
the response contrast by about a factor of three provides a possible
explanation for why the explained variance of the HC’s principal
mode varies greatly in the two periods. Moreover, month-to-
month datasets are further used to examine the reliability of the
result after removing the annual cycle. It is found that the result
based on month-to-month is consistent with that of the annual
mean. The consistent result between the month-to-month and
annual mean suggests the length of sample in the manuscript
has little impacts on the result. The result implies that the air—
sea interactions prior to and post 1998 may have changed, as the
response of the HC to SST involves strong feedback mechanisms
as well as cumulus parameterization processes (Numaguti 1994).
Similar changes in air—sea processes during this period have been
reported; for instance, changed SST variations over the equato-
rial Pacific (Kosaka and Xie 2013), and changed ocean interior
processes (Chen et al. 2015). In addition, the response contrasts
of HC to SST during four seasons are further examined. Despite
the response ratios show certain differences among seasons,
consistent reduced response ratios between periods 1979-1998
and 1999-2015 are observed. Besides, this study focuses on the
zonal mean view, as reported that HC changes vary considerably
regionally, it is worthwhile to further detect the regional variations
associated with the HC. Especially, as it seen that the variations
of SEA and SES is closely linked with SSTs over Pacific, it is of
interest to further establish the role of ENSO on the response of
HC to different SST meridional structures.

Although the decomposition used in the present study is
linear, and the equatorially asymmetric and symmetric compo-
nents are not orthogonal, this method provides a feasible tool to
assess the influence of SST on the HC. Since the variation of HEA
mainly reflects interdecadal variation, while the HES presents a
long term linear trend (Feng et al. 2016), the results indicate that
the variation of HEA has been more complex during 1999-2015,
and has been modulated by strong interdecadal signals. This is
consistent with previous studies that the hiatus is an interdecadal
phenomenon (e.g. Li et al. 2013; Kosaka and Xie 2013). How-

ever, which of the interdecadal signals influences the HC, in
particular, the HEA, is still unknown. Further, the recent hiatus is
neither special nor unprecedented; however, there is no adequate
atmosphere dataset to explore the earlier hiatus. It is of interest to
further explore this point by employing the CMIP5 simulations
in the future to detect the characteristics of the response of HC
to different SST meridional structures, compare the similarities
and dissimilarities between the recent hiatus and earlier ones, and
identify the possible anomalies and physical processes involved.
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