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Multidecadal variations in Hadley circulation (HC) strength have been observed during the
historical period, which have significant implications for global and regional climate. However,
the relationship between HC intensities in the two hemispheres remains unclear. In this study,
we identify an interhemispheric seesaw in the annual HC strength at multidecadal timescales.
This seesaw pattern physically corresponds to the meridional movement of the ascending
branch of annual HC, leading to strengthened HC in one hemisphere andweakened HC in the
other. The HC strength seesaw strongly correlates with the tropical land surface precipitation
at multidecadal timescales, particularly for the monsoonal land regions. Further analyses link
the HC strength seesaw to the Atlantic multidecadal variability (AMV). A suite of Atlantic
Pacemaker experiments successfully reproduces the multidecadal HC strength seesaw and
its relation to the AMV. The Northern Hemisphere SST warming associated with the positive
AMV phase induces a northward shift of the upward branch of HC, and the Southern
Hemispheric HC is strengthened in contrast to the weakened Northern Hemispheric HC.
Comparisons of the North Atlantic SST forced HC changes between the coupled air–sea
model and stand-alone atmospheric model suggest an important and non-negligible role of
the SST footprint of AMV over the Indo-Pacific basins. The AMV and its Indo-Pacific SST
footprint make a comparable contribution to the SST changes in the Northern Hemisphere,
which control the movement of the HC ascending branch and thereby the interhemispheric
seesaw in HC strength.

Keywords: Atlantic multidecadal variability, Hadley circulation, monsoon precipitation, Indo-Pacific air–sea
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INTRODUCTION

The Hadley circulation (HC) is one of the most important atmospheric circulations and plays a
dominant role in the transportation of momentum, heat, and water vapor (Trenberth and Stepaniak,
2003), which is much greater than that of the transient and stationary eddies. The HC thus is of great
importance to the tropical weather and climate. The HC bridges the tropic and extratropic via
transporting momentum and heat from tropics to the subtropical and higher latitudes (Diaz and
Bradley, 2004), thus it is also important to the extratropical weather and climate (Lindzen, 1994;
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Chang, 1995; Hou, 1998). As an important large-scale circulation
in the low latitude atmosphere, the variations in HC are closely
linked to the global atmospheric circulation variability and also
impact on the global weather and climate change. Therefore,
studying the multidecadal variability in HC is significant in
understanding and researching the changes in the global
climate system and regional climates as well.

The long-term HC variability has received considerable
attention in recent years with the abundance of observational
datasets. These studies mainly focus on the horizontal scale, width
and strength of the HC (Hu and Zhou, 2010). Various studies
based on different observational and reanalysis datasets have
consistently pointed out that the HC exhibits an obvious trend of
poleward expansion at the quantified speeds (different
observational datasets during 1979–2005 show a −0.5° to 3°/
decade widening in the HC poleward expansion) (Hudson
et al., 2006; Frierson et al., 2007; Lu et al., 2007; Seidel et al.,
2008; Johanson and Fu, 2009). A couple of factors that cause the
HC expansions, including anthropogenic greenhouse gas
emissions, aerosols, stratospheric ozone and natural climate
variabilities (Staten et al., 2018). For instance, the warm phase
of Pacific Decadal Oscillation (PDO) enhances tropical warming
and leads to a contraction of the HC, and vice versa. However,
whether the Atlantic climate modes played a role remains elusive.
In addition, other observational and modeling studies (Tao et al.,
2016; Watt-Meyer et al., 2019; Grise and Davis, 2020) have
indicated an asymmetrical expansion of the HC due to
multiple reasons, like greenhouse gas and ozone depletion, but
their impacts vary in seasons. In general, the poleward expansion
of the HC in the Northern Hemisphere (NH) is larger than the
Southern Hemisphere (SH) and the expansion in the summer
(JJA) and autumn (SON) is faster than the spring (MAM) and
winter (DJF) (Lu et al., 2007). As to the HC strength,
observational datasets have shown a strengthening trend in the
annual HC since the 1990s (Chen et al., 2002; Wielicki et al.,
2002). It is suggested that consistent evidence has been found for
intensification in the NH winter HC since 1950, but the summer
HC strength appears to be no significant change (Quan et al.,
2004). However, whether the HC has intensified is still under
debate (Trenberth, 2002; Held and Soden, 2006; Stachnik and
Schumacher, 2011). Previous observational and reanalysis
studies also analyzed the changes in HC strength and
suggested its pronounced decadal variability. The previous
study (Zhou and Wang, 2006) has indicated that the winter
NH HC strength exhibits remarkably interannual and interdecadal
variability, but the summer SH HC strength exhibits decadal
variations instead. However, the connection of HC strength
between the NH and SH has not been fully understood and
the decadal variability of HC strength in the two hemispheres is
still unclear.

In addition to the HC strength and width, empirical
orthogonal function analysis has been used to detect the
temporal and spatial characteristics of the HC, and its
variability has also received attention. The previous study
(Dima and Wallace, 2003) suggested that the annual cycle of
the HC consists of two components: an equatorially symmetric
mode during the boreal spring and autumn, and an equatorially

asymmetric component during the boreal winter and summer. A
similar result also indicates that the boreal summer HC mainly
includes the equatorially asymmetric mode and equatorially
symmetric mode (Feng et al., 2011). The former study mainly
focuses on the interdecadal variability, while the latter
corresponds to the interannual variability. It has been shown
that the variation of the asymmetric mode is connected to the sea
surface temperature (SST) over the tropical Indian and western
Pacific oceans (Ma and Li, 2008; Feng et al., 2011; Feng et al.,
2013; Quan et al., 2014). The previous study (Guo et al., 2016) also
demonstrates that the asymmetric mode in boreal autumn is
closely linked to the Atlantic multidecadal variability (AMV). The
previous findings have focused on the year-to-year variability of
seasonal HC, but the decadal-scale relationship between the
annual HC strength in the two hemispheres has not been fully
understood. Meanwhile, many studies suggest the SSTs over the
Atlantic Ocean have impacts on the Indo-Pacific SST variability
(Sun et al., 2017; Xue et al., 2018), but whether these impacts
contribute to the variability of HC strength remains unclear and
the relative importance of the Atlantic and Indo-Pacific SSTs for
the multidecadal variations in annual HC strength has not been
investigated.

In this study, we investigate the interhemispheric relationship
of the HC strength at multidecadal time scales and link it to the
AMV using multiple datasets. And, considering the great impact
of the HC on tropical precipitation, we also analyze the
relationship between the HC strength seesaw and tropical
rainfalls. A mechanism is then proposed to explain how the
AMV influences interhemispheric seesaw in HC strength.
Statistical analyses and a suite of Atlantic Pacemaker
experiments are performed to identify the Indo-Pacific effects
on the HC strength decadal variability associated with the AMV
signal.

DATA AND METHODS

Data and Index Definitions
Atmospheric data sets are derived from the ECMWF
Atmospheric Reanalysis of the 20th Century (ERA-20C) data
set (Stickler et al., 2014) and 20th century reanalysis (20CR) data
(Compo et al., 2011) for the period 1900–2010. National Centers
for Environmental Prediction (NCEP) data set (Kalnay et al.,
1996) is for the period 1948–2014. They are used to reveal the
spatial and temporal characteristics of the HC. The precipitation
data from Climate Research Unit (CRU TS 4.03) (Harris, 2014) is
used to investigate the relationship between HC strength and
tropical rainfall in the two hemispheres for the period 1901–2010.
The main results are also validated by other SST (e.g., HadSST3
and COBE-SST2) and precipitation (e.g., GPCC) observational
datasets (as shown in Supplementary Material). The PDO index
is derived from the JapanMeteorological Agency which is defined
as the projections of monthly mean SST anomalies, that subtract
globally averaged monthly mean SST anomalies, onto their first
empirical orthogonal function vectors in the North Pacific (north
of 20°N) for the period 1900–2010. All the analyses are based on
annual means.
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The AMV index is defined as the area-weighted average of SST
anomalies over the North Atlantic region (0°–60°N, 80°W–0°).
The SST data is derived from the Extended Reconstruction SST
version 3 (ERSST v3b) data set (Smith et al., 2008) for the period
1900–2010.

The Hadley circulation is characterized by the mean
meridional mass stream function (MMS), which is computed
by vertically integrating the zonal mean meridional wind [v]
(Holton, 1973):

ψ(p, ϕ) � 2πa cos ϕ
g

∫p

0
[v]dp,

where ϕ is the latitude, p is the pressure, a is the Earth radius, and
g is the gravitational acceleration. The locations of poleward edges
of the Hadley circulation are identified as the latitudes where
MMS equals 0 kg·s−1.

The hemispheric HC strength index is calculated as the
maximum value of the MMS in the tropics (Oort and Yienger,
1996). And the HC strength seesaw index is defined as the
difference between the NH and the SH HC strength indices.

Statistical Methods
We confine our analysis to the post-1900 period for the data sets
due to large uncertainties and less reliability in surface
observations before 1900 (Folland et al., 2001). To better
isolate and highlight the signal of decadal to multidecadal
variability, we tend to remove the centennial-scale trends by
using the removal of long-term linear trends in the variables for
the post-1900 period, and the data are smoothed with a low-pass
filter (11-year running means).

A two-tailed Student’s t-test is used to determine the statistical
significance of the linear regression and correlation between two
autocorrelated time series. We use the effective number of degrees
of freedom (Neff), which is given by the following approximation:

1
Neff

≈
1
N
+ 2
N
∑N

j�1
N − j
N

ρXX(j)ρYY(j) (1)

where N is the sample size and ρXX(j) and ρYY(j) are the
autocorrelations of two sampled time series X and Y,
respectively, at a time lag j (Li et al., 2013; Sun et al., 2015). In
order to test the significance for a correlation map (e.g., figures
in the main text), we first calculate the corresponding Neff for
each individual grid cell (based on the time series at each grid
cell) using Eq. (1) and then estimate the correlation values
required to meet the significance level.

Model and Experiments
The model we employed in this study is the International Centre
for Theoretical Physics AGCM (ICTPAGCM, version 41)
coupled to a slab ocean thermodynamic mixed-layer model
(SOM). The intermediate ICTPAGCM contains eight vertical
levels with a horizontal resolution of T30 (3.75° × 3.75° grid). In
the observation, the climatological annual-averaged mixed layer
depth is geographically-varying, generally shallow in the tropics
and deep in mid-high latitudes. Thus, in the SOM experiment in
this study, we adopt a geographically-varying mixed layer depth

for the slab ocean model. The mixed layer depth varies from 40 m
in the tropics to 60 m in the extra-tropics and is constant
throughout the whole simulation period. Mixed-layer
temperature variation is derived from the net surface heat
fluxes into the ocean (i.e., the sum of shortwave and longwave
radiation and sensible and latent heat fluxes) (Kucharski et al.,
2016; Sun et al., 2017).

In this study, the Atlantic is defined as the entire Atlantic basin
(60°S–60°N, 70°W–20°E) and the other basins out of the Atlantic
are called the Indo-Pacific region. We perform two experiments
to investigate the Indo-Pacific contribution to the HC strength
under the AMV forcing. The first experiment is referred to as
ATL_VARMIX (Atlantic Pacemaker experiment), which is run
with the ICTPAGCM coupled to the SOM in the Indo-Pacific
region and with raw observational monthly-varying SSTs (with
the linear trend of SST maintained) from the HadISST data
prescribed over the Atlantic basin. A buffer zone with a spatial
range of 7.5° is set for preventing the instability between
the prescribed-SST regions and the slab ocean in which the
SST is calculated from the weighted average of the modeled
and prescribed SSTs. The weighting values are one in the
prescribed-SST domain and linearly reduced to zero in
the buffer zone. The ATL_VARMIX experiment considers
the effects of not only Atlantic SST variability, but also the
atmosphere-ocean coupling over the Indo-Pacific region. We
also conduct a similar experiment but with climatological
monthly SSTs prescribed in the Indo-Pacific region, referred
to as ATL_VARAGCM. It is to examine the direct impacts of
the Atlantic forcing on the Indo-Pacific atmospheric
circulation without the atmosphere-ocean coupling.

The simulations of ATL_VARMIX and ATL_VARAGCM
experiments are integrated from 1872 to 2013 and contain five
ensemble members generated by restarting the model with small
initial perturbations. The first 28 years of all simulations are taken
as spin up, and the results from the rest of the period during
1900–2013 are analyzed.

RESULTS

Interhemispheric Seesaw in Hadley
Circulation Strength on the Decadal Scale
The time series of the hemispheric HC strength indices suggest
that the HC strength in one hemisphere generally exhibits
opposite phase to the other and its decadal variability can be
found in both datasets but with some differences. The
hemispheric HC strength index based on NCEP data
(Figure 1A) exhibits significant multidecadal variability and
interhemispheric connection as the correlation coefficient
between the hemispheres reaches −0.80 for the period
1948–2013. The HC strength in the NH shows an increasing
trend in the 1950s and 1960s with a phase shift that occurred
around 1970. The HC strength in the SH exhibits an opposite
trend during the same period with a phase shift that occurred
around 1970, indicating that a seesaw pattern in HC strength may
exist between the two hemispheres. We extend our analyzed
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period from 1900 to 2010 using the ERA20C dataset (Figure 1B).
It shows clear decadal variability before 1950. Similarly, the HC
strength in the NH is also negatively correlated (−0.70) with that
in the SH using the ERA20C reanalysis data set. For the
overlapping period (1948–2010), the time series of
hemispheric Hadley circulation strength indices depicted by
the two reanalysis data are somewhat similar, as their
correlation coefficients reach 0.61 and 0.68 for the Northern
Hemisphere (NH) and Southern Hemisphere (SH), respectively.
Also, the lead–lag relationship (Supplementary Figure S1) from
both data sets suggests that the HC strength in the two
hemispheres is negatively correlated and statistically significant
within a temporal lag/lead of about 5 years (lag −1 to lag 5 for the
NCEP and lag −5 to lag 0 for the ERA), which are consistent with
the HC strength interhemispheric seesaw.

We then examine the time series using 20CR data for the
period 1900–2010 (Supplementary Figure S2). It indicates that
the HC strength index is also negatively correlated (−0.48)
between the two hemispheres which is consistent but weaker
than that in the ERA20 (−0.74) (Supplementary Figure S3),
probably due to that the 20CR only assimilates surface variables
(surface pressure, SSTs, and sea ice) but the upper-level
observations are excluded (Stachnik and Schumacher, 2011). It
must note that current reanalysis datasets depict the Hadley
circulation with slight differences due to some systematic
errors and inevitable data uncertainties (Mitas, 2005; Nguyen
et al., 2013), which are beyond the current study. Albeit the
decadal variabilities shown in those datasets are not completely

the same, all of them have suggested a clear reversed relationship
between the two hemispheres, indicating that the seesaw pattern
in HC strength is valid and independent of datasets.

Relationship Between the Hadley
Circulation Strength Seesaw and Atlantic
Multidecadal Variability
Since the seesaw in HC strength between the two hemispheres is
revealed by observational datasets, we define the HC seesaw index
using the strength index in the NH minus the strength index in
the SH. The difference between the NH and SH HC strength
indicates that when the NH HC strength is relatively stronger
(weaker) than the SH, the HC seesaw index turns to positive
(negative). Thus, it depicts the interhemispheric seesaw in HC
strength directly. In Figure 2, the time series based on NCEP and
ERA20C datasets exhibit consistent multidecadal variability in
HC strength seesaw index. Consistent with the above findings, the
decadal variability in the HC strength seesaw index is somewhat
significant and shows two turning signs in the 1960s and around
2000 in the NCEP and ERA20C data sets. For the period
1948–2010, the correlation coefficient of the strength seesaw
index between the two datasets is also statistically significant
and reaches 0.7, indicating that the multidecadal variations are
generally in phase in different data sets. The extended time series
in ERA20C suggests that the HC seesaw index turns to negative
around 1925. These particular points in time highly resemble the
moments when the phase changes in the AMV index in the 1920s,

FIGURE 1 | Time series of the raw data (thin lines) and 11-year running
averages (decadal component) (thick lines) of the HC strength (109 kg s−1)
indices in the NH (blue lines) and SH (red lines) derived from the (A)NCEP data
set for 1948–2013 and from the (B) ERA20C data set for 1900–2010.

FIGURE 2 | (A) Time series of the normalized HC seesaw index (NH
minus SH; blue lines) and AMV index (K) (red lines) for 1948–2013. The raw
data (thin lines) and the decadal component (thick lines) are derived from the
NCEP data set. (B) Same as in (A), but for 1900–2010 based on the
ERA20C data set.
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1960s, and around 2000. Interestingly, the AMV index exhibits
reversed phases compared to the HC strength seesaw index,
indicating the potential linkage between the AMV and HC
strength. Then, we calculate the simultaneous correlation
between the AMV and HC strength seesaw index. The
correlation coefficient in the NCEP data (−0.71) is smaller
than that in the ERA20C data (−0.79), but the overall
relationship is consistent and statistically significant at the
90% confidence level, suggesting that the simultaneous
relationship between HC strength seesaw index and the AMV
is also strong and robust. We also examined the relationship
between the 20CR-based HC strength seesaw index and the AMV
series (Supplementary Figure S4). It is suggested that the
strength seesaw index is negatively correlated with the AMV
with the correlation coefficient reaches −0.74, consistent with the
aforementioned results in the ERA20C and NCEP data. In
addition, we also provide the results of AMV-HC strength
seesaw correlations based on the unfiltered data (r � 0.4 and
r � 0.39 for the NCEP and ERA20C data sets, respectively, both
are significant at the 95% confidence level), and the correlations
between AMV and HC strength seesaw show qualitatively
consistent results with those based on the smoothed data.
Therefore, this relationship is robust and independent of datasets.

In Figure 3A, it shows the spatial regression map between the
Hadley circulation and the HC strength seesaw index in NCEP
data. The Hadley circulation exhibits uniformly positive

regression to the seesaw index from top to bottom of the
troposphere. The most significant regressed zone is limited
between 20°S and 20°N, but it is not symmetrical to the
equator, consistent with the spatial distribution of the Hadley
circulation suggested in the previous studies. However, the
physical response of the Hadley circulation to the HC strength
seesaw index varies in hemispheres. The Hadley circulation is
positive (negative) in the NH (SH), corresponding to its
definition (see Data and Methods). The anomalous positive
response to the HC seesaw index indicates the strengthened
NH HC and the weakened SH HC, referred to as the
interhemispheric strength seesaw. Thus, the HC strength
seesaw index defined in this study corresponds well to the
spatial pattern of the interhemispheric seesaw. The regression
map based on ERA20C data (Figure 3B) exhibits a consistent
pattern, although the regression is relatively weak and
insignificant above 200 hPa, and the equatorially asymmetric
mode is not as remarkable as that in the NCEP data. In
Figure 3C (NCEP) and Figure 3D (ERA20C), the Hadley
circulation exhibits consistent negative regression with the
AMV index, but the responses should be separately evaluated
in the two hemispheres. The Hadley circulation in the SH is
negatively regressed onto the AMV index, corresponding to the
intensification in the SH HC under the AMV forcing. However,
the negative regression over the NH indicates that the AMV has
an opposite impact on the Hadley circulation, resulting in the

FIGURE 3 | The Hadley circulation mass stream function (108 kg s−1) regressed on the normalized HC strength seesaw index derived from the (A) NCEP data set
from 1948 to 2013, and (B) ERA20C data set from 1900 to 2010. The Hadley circulation mass stream function (108 kg s−1) regressed on the normalized AMV index
derived from the (C) NCEP data set and (D) ERA20C data set. Dotted shading indicates the regression coefficients significant at the 95% confidence level.
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weakening in circulation strength. Thus, we can conclude that the
AMV is capable of modulating the HC strength in the two
hemispheres at decadal time scales and contributes to the
interhemispheric seesaw. The regression maps in the two
datasets show an identical response to the AMV, although
there are some discrepancies over upper-level troposphere and
extra-tropics. In addition, the regression exhibits an equatorially
asymmetric structure in NCEP data, but it is not significant in
ERA20C data. Based on the analysis above, it indicates that the
interhemispheric seesaw in Hadley circulation strength is closely
related to the AMV index as well as the HC strength seesaw index,
further validating the negative correlation between the seesaw
index and the AMV as is shown in Figure 2.

Footprint of the Hadley Circulation Strength
Seesaw on the Monsoon Precipitation
The Hadley circulation plays an important role in modulating the
tropical precipitation through the meridional migration of its
ascending branch which is associated with the intertropical
convergence zone (ITCZ). We calculate the correlations
between the tropical precipitation and the HC strength seesaw
index using the ERA20C and NCEP for the period 1901–2010
and 1948–2013, respectively. For the ERA20C data set
(Figure 4A), the correlation map exhibits a clear dipole
pattern, with the positive correlations located mainly in the
Southern Hemisphere, while the negative correlations located

in the Northern Hemisphere, consistent with those in the NCEP
reanalysis data (Figure 4B) and GPCC observational data
(Supplementary Figure S5). The positive correlation is strong
and significant in South America, West Africa, and Australia in
the Southern Hemisphere, but the correlation changes in reverse
polarity across the equator and exhibits strong negative response
in the Sahel, India, Indochina Peninsula, and East Asia.
Interestingly, those areas where they exhibit the most
prominent responses to the HC strength seesaw largely
correspond with the most active monsoon regions. Previous
studies have revealed the influences of the Hadley circulation/
ITCZ on the East Asian and African monsoon system (Zhou
et al., 2017; Geen et al., 2018; Nicholson, 2018). The meridional
movement of the ascending branch in the HC influences the
global monsoon in response to the remote North Atlantic forcing,
resulting in an anti-phase interhemispheric variability in
monsoon strength at decadal time scales (Han et al., 2019; Xu
et al., 2019), which resembles our results. Thus, it is evident that
the meridional movement of the ITCZ associated with the HC
ascending branch modulates the monsoon precipitation and
consequently leads to the contrasting responses in the two
hemispheres. Such connection can be well explained by the
interhemispheric seesaw in HC strength.

It is important to note that the HC strength seesaw physically
corresponds with the meridional migration of the ascending
branch in the HC. The positive (negative) strength seesaw
index represents the Hadley circulation in the Northern

FIGURE 4 |Correlationmap between the decadal component of the HC strength seesaw index and the tropical precipitation (30°S–30°N). The HC strength seesaw
index is derived from (A) ERA20C for the period 1901–2010 and (B)NCEP data for the period 1948–2013. The precipitation data is derived from CRU data from 1901 to
2013. The long-term linear trends were removed before the analysis. Dotted shading indicates the correlation coefficients significant at the 95% confidence level.
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(Southern) Hemisphere is stronger than the other, corresponding
to the southward shift (northward shift) of the ascending branch
and consequently leads to a favorable condition for producing
more precipitation in the Southern (Northern) Hemisphere
tropical areas. Thus, the corresponding across-equatorial winds
and the meridional migration of the HC ascending branch
together contribute to the increased monsoon precipitation. In
this study, the HC strength seesaw plays an intermedia role in
connecting the monsoon systems in the two hemispheres and it
provides additional evidence for the impacts of the Hadley
circulation on the tropical monsoon rainfall. The previous
study (Levine et al., 2018) has noted that the AMV plays a
major role in impacting the ITCZ-driven precipitation across
Africa and South America. Since the location of the ITCZ is
associated with the Hadley circulation ascending branch, the
contrasting responses of tropical precipitation to the HC
strength seesaw index in the two hemispheres may be rooted
in the remote AMV signal. Thus, the physical mechanism
between the interhemispheric seesaw in HC strength and
AMV at decadal time scales needs further investigation.

Model Evidence for Atlantic Multidecadal
Variability-Hadley Circulation Strength
Connection Mechanism
The observational data suggest that the multidecadal variability in
the interhemispheric HC strength seesaw is evident. The
regression between the Hadley circulation and the AMV index

suggests that the AMV is closely related with such strength seesaw
at decadal time scales. How does the AMV influence the HC
strength? In this study, we propose two possible mechanisms that
may be responsible for the HC strength decadal variability: one is
a direct atmospheric response to the AMV-induced North
Atlantic warming simulated in ATL_VARAGCM experiment;
the other is the air–sea coupling process over the Indo-Pacific
basins with the remote AMV forcing included, referring to as
ATL_VARMIX experiment (see Data and Methods).

In Figure 5, we first examine the simulated time series of the
NH and SH HC strength index for the period 1900–2010. In the
ATL_VARMIX experiment (Figure 5A), the simulated time
series exhibits obvious decadal variability through the whole
analyzed period, and the strength index in one hemisphere is
opposite to the other, indicating an identical interhemispheric
seesaw pattern in observation. Interestingly, the simulated time
series before 1950 is consistent with the ERA20C dataset, which
only shows decadal variability in this period with a turning sign
that occurs in the 1920s. However, the simulated time series is
similar to that in the NCEP dataset after 1950, which exhibits
strong decadal variability with a change of sign around 1970.
Overall, the time series of the HC strength indices in the two
hemispheres are successfully reproduced in the ATL_VARMIX
experiment, and their decadal variabilities are significant over the
whole simulation period. Consistent with the observation, the
correlation coefficient of the HC strength between the two
hemispheres reaches −0.80 and is statistically significant at the
95% confidence level, providing model evidence for the
interhemispheric strength seesaw. Furthermore, the HC
strength seesaw index simulated in the ATL_VARMIX
experiment is also negatively correlated (−0.82) with the AMV
index, suggesting the HC strength interhemispheric seesaw and
its relation to the AMV are robust consistent with the
observation. For the time series in the ATL_VARAGCM, it
also exhibits decadal variability, but it is far too weak,
comparing to the ATL_VARMIX and observational data. The
HC strength index in the two hemispheres (Figure 5B) shows a
generally consistent tendency toward intensification from 1900 to
2010. The opposite trends between the NH and SH HC index are
not obvious in this case, especially for the period before the 1920s.
Despite these discrepancies exist between the ATL_VARMIX and
ATL_VARAGCM, there are some notable features that should be
highlighted. The former experiment mainly depicts the decadal
variability before 2000, but the recent intensification in the SH
HC strength is underestimated. However, the latter experiment
successfully reproduces such a trend in the 2000s, consistent with
the NCEP data. Thus, we may conclude that the air–sea coupling
effect over the Indo-Pacific basins contributes to the decadal
variability in HC strength seesaw significantly and may amplify
the direct response of the atmosphere to the remote AMV forcing.
The recent HC intensification shown in the observation and
ATL_VARAGCM indicates that the direct atmospheric response
to the AMV also plays a role in modulating the HC strength. The
HC strength index exhibits three major changes of sign in the
1920s, 1960s, and 1990s and corresponds to the three turning
signs observed in the AMV index, indicating the AMV has a

FIGURE 5 | Time series of the raw (thin lines) and decadal component
(thick lines) of the HC strength indices (109 kg s−1) in the NH (blue lines) and SH
(red lines) from the (A) ATL_VARMIX and the (B) ATL_VARAGCM experiment
for 1900–2010.
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profound influence on the HC strength through both direct
atmospheric feedback and Indo-Pacific air–sea coupling, but
the latter effect is of great significance.

We then examine the Hadley circulation response to the AMV
forcing in ATL_VARMIX and ATL_VARAGCM experiment.
The regression map in ATL_VARMIX simulation (Figure 6A)
suggests that the Hadley circulation is negatively regressed onto
the AMV index between 15°S and 15°N, corresponding to the
spatial distribution of the Hadley circulation. The simulated
pattern is consistent with the observational results, but the
responses over upper-level troposphere and extra-tropics are
missing in the ATL_VARMIX experiment. Despite the
discrepancy between observation and model simulation, the
negative response is captured by the model and most
significant over the tropical region. As discussed in the
observation, the overall negative regression indicates an
intensification in the SH HC strength and the weakening in
the NH HC with respect to the remote AMV forcing. Thus, it
provides model evidence for the close relationship between the
interhemispheric strength seesaw and the AMV, and the non-
negligible role of Indo-Pacific air–sea coupling. In Figure 6B, the
regression map in ATL_VARAGCM also exhibits notable
negative regression, indicating the direct atmospheric response
to the AMV over the NH also plays a role in modulating the
Hadley circulation but has limited contribution. Comparing
with the simulated pattern in the ATL_VARMIX experiment,
the Hadley circulation in the NH tropics (0°–10°N) shows little
response to the AMV in ATL_VARAGCM experiment. The
SH HC is significantly intensified by the AMV-related atmospheric
feedback, but the NHHC strength does not change with it. Thus the
seesaw pattern is missing without considering the Indo-Pacific
air–sea coupling effect in response to the AMV.

As suggested in the above discussion, the AMV index is
negatively correlated with the seesaw index in HC strength,
indicating the AMV could be a potential driver of the

interhemispheric strength seesaw. Thus, we calculate the
zonally averaged meridional wind regressed onto the AMV
index to investigate the relationship between the AMV and
atmospheric circulation changes. In Figures 7A,B, the critical
feature of the regression map is clearly shown in the two data sets,
despite some discrepancies that can be found over the middle
troposphere and extra-tropics. It exhibits a consistent pattern that
the lower level tropical region (20°S–20°N) is governed by
anomalous cross-equatorial southerlies associated with the
northward shift of the ascending branch of the HC, while the
overturning northerlies over upper-level troposphere form a
closed atmospheric circulation across the equator. It is
suggested that the AMV can induce an anomalous
anticlockwise circulation over the tropical region, and its
impact on the Hadley circulation is equatorially asymmetric,
resulting in intensification in the SH HC strength. In the
ATL_VARMIX experiment (Figure 7C), the regression map
exhibits a consistent pattern in the ERA20C data, but it has
“filtered” some of the responses outside the tropics. The lower
level response is weaker than the observed, but the anomalous
southerlies are still significant. Although the magnitude and
strength are underestimated by the model, the experiment still
reveals the equatorially asymmetric circulation anomalies,
considering Indo-Pacific air–sea coupling under the AMV
forcing. In the ATL_VARAGCM experiment (Figure 7D), it
also exhibits an anomalous anticlockwise circulation in
association with the AMV, but the strength is rather weak,
compared with the observation. In addition, the simulated
lower level wind anomalies at the north of the equator have
limited response to the AMV, corresponding to the weak
anomalous anticlockwise circulation. Thus, the
interhemispheric seesaw is not significant in this case. We may
conclude that the anomalous anticlockwise circulation over the
tropics is closely related to the AMV forcing and significantly
intensifies the Hadley circulation over the Southern Hemisphere.

FIGURE 6 | The Hadley circulation mass stream function (108 kg s−1) regressed on the normalized AMV index in the (A) ATL_VARMIX and the (B) ATL_VARAGCM
for 1900–2013. Dotted shading indicates the regression coefficients significant at the 95% confidence level.
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The simulated pattern in ATL_VARMIX differs from the
ATL_VARAGCM experiment in the anomalous cross-
equatorial winds. The Indo-pacific air–sea coupling contributes
a lot to the northward extension of the cross-equatorial winds,
which leads to an intensification in the SH HC strength and the
NHHCweakening. In conclusion, the interhemispheric seesaw in
HC strength can be largely explained by the anomalous cross-
equatorial winds induced by the Indo-Pacific air–sea coupling
effects associated with the AMV forcing while the direct
atmospheric feedback also plays a role.

In order to explain the formation of the anomalous cross-
equatorial winds from an air–sea coupling perspective, we further
analyze the footprints of the AMV on the NH SSTs. As shown in
Figure 8A, the North Atlantic exhibits a uniformly warming
response to the AMV signal. Previous studies (Rong and
Delworth, 2007) have suggested that the AMV can influence
the North Pacific climate through atmospheric teleconnection
and ocean dynamics. In this study, the North Pacific SST shows a
positive response to the AMV, and it is more significant over the
mid-latitudes (20°N–60°N) and western North Pacific, while the
eastern tropical Pacific Ocean exhibits slightly negative response.
The Indian Ocean SST also shows warming response to the AMV,
but it is not significant. Consistent regression patterns can be
found in the HadSST3 (Supplementary Figure S6) and COBE
SST (Supplementary Figure S7) data sets as well. The zonal mean
SST anomalies in response to the AMV (Figure 8C) suggest
consistent warming over the Northern Hemisphere, but the

warming response is more intense over the mid-latitudes than
the tropics. The SST anomalies with latitude over the Indo-Pacific
is identical to the Northern Hemisphere, indicating the Indo-
Pacific SST warming associated with the AMV can explain a large
portion of the SST warming over the entire NH. In the
ATL_VARMIX experiment (Figures 8B,D), the simulated
regression pattern is generally consistent with the observation
but discrepancies still exist. In response to the warm phase of
AMV, the model shows a warming response over a large part of
the North Pacific basin and negligible warming along the west
coast of North America. By contrast, the SST warming along the
west coast of North America is prominent in observations. These
discrepancies may possibly be attributed to the role of ocean
dynamics role, which is important for the SST variability over the
Northeast Pacific (Chhak and Di Lorenzo, 2007; Di Lorenzo et al.,
2008). Also, the model reproduces the overall warming response
in the Indo-Pacific region, indicating the AMV and regional
air–sea coupling together contribute to the SST warming. The
zonal mean SST anomalies are also identical to the observed one,
suggesting the AMV-induced warming is evident over the
Northern Hemisphere. More specifically, the tropical oceans
over the North Atlantic and Indo-Pacific are significantly
heated through the AMV-related atmospheric and air–sea
coupling processes, further inducing a northward shift of the
ascending branch in the Hadley circulation. Thus, the anomalous
cross-equatorial winds corresponded to the meridional
movement of the ascending motions intensifies the SH HC

FIGURE 7 | The zonal mean meridional wind (10−2 m s−1) regressed on the normalized AMV index derived from the observational datasets: (A)NCEP data set from
1948 to 2013, (B) ERA20C data set from 1900 to 2010, and experiments: (C) ATL_VARMIX, and (D) ATL_VARAGCM for the period 1900–2013. Dotted shading
indicates the regression coefficients significant at the 95% confidence level.

Frontiers in Earth Science | www.frontiersin.org October 2020 | Volume 8 | Article 5804579

Liu et al. Hadley Circulation Interhemispheric Strength Seesaw

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles#articles


strength and weakens the HC strength in the NH, referring to the
HC strength interhemispheric seesaw. These results indicate that
the AMV is a global climate mode influencing not only the
Atlantic-surrounded areas but also the Pacific basin, and the
Pacific multidecadal SST anomalies also play a role in the
interhemispheric seesaw in the HC strength through the SST
footprint of AMV over the North Pacific basin.

On the other hand, whether the Indo-Pacific SST itself drives
the anomalous Atlantic SST and the HC strength seesaw remain
elusive. We then conduct a similar experiment but with monthly-
varying observed SSTs from the HadISST data prescribed over the
northern Indo-Pacific basin (30°E–90°W, 0°–60°N) while running
the ICTPAGCM coupled to the SOM in the Atlantic and other
basins, referring to the Indo-Pacific pacemaker experiment. The
regression map (Supplementary Figure S8A) between the
simulated SST anomalies and the AMV index is analyzed.
Compared with the results from the observations (Figure 8A)
and Atlantic pacemaker experiment (Figure 8B), the SST
footprint of AMV over the northern Indo-Pacific basin
remains, as the observed northern Indo-Pacific SST anomalies
are prescribed. However, the anomalous SST responses to the
observed Indo-Pacific SST forcings over the North Atlantic are
rather weak, and a weak warming response is only confined to the
mid-latitude North Atlantic. The North Atlantic SST response to
Indo-Pacific SST forcing does not show the AMV-like basin-wide
coherent pattern, indicating that the Indo-Pacific alone is not
capable of reproducing the AMV signal and thus would have a
limited impact on the HC interhemispheric strength seesaw. The
regression pattern of the HC mass stream function on the AMV

index (Supplementary Figure S8B) also supports the above
conclusion that the Indo-Pacific SSTs are incapable of
reproducing the interhemispheric HC strength seesaw, due to
the absence of North Atlantic AMV-like SST anomalies in the
Indo-Pacific Pacemaker simulations. Contrary to the observation
and ATL_VARMIX experiment, the simulated HC anomaly
pattern in response to the Indo-Pacific SST forcing experiment
only exhibits a weakening in the strength in Northern
Hemisphere and no significant response in Southern
Hemisphere. The comparison between the results from
observations, Atlantic and Indo-Pacific Pacemaker experiments
confirms the critical role of AMV and suggests that the Indo-
Pacific SST itself is not a driver of the AMV or the HC strength
seesaw, but shows significant responses to the AMV and plays an
intermediate role in the driving influence of the AMV on the HC
strength seesaw.

Besides the AMV, the Pacific Decadal Oscillation is another
important mode of decadal SST variability. The PDO is
recognized as a dominant pattern of the North Pacific SST
multidecadal variability which integrates a couple of modes of
climate variability, influencing the weather patterns over the
downstream regions (Newman et al., 2016). Therefore, we also
investigate the relationship between the HC strength seesaw and
the PDO. The filtered PDO series (Supplementary Figure S9)
exhibits significant decadal variability with four major phase
changes in the 1920s, 1940s, 1970s, and 2000s. The “warm
phase” PDO is for the periods 1920–1945 and 1980–2000,
while its “cool phase” lasts for about thirty years during
1945–1975. Unlike the PDO index, the HC strength seesaw

FIGURE 8 | The anomalous SST (K) regressed on the normalized AMV index derived from the (A) ERSST dataset and the (B) ATL_VARMIX experiment for the
period 1900–2013. The SST over the North Atlantic is prescribed with monthly-varying SSTs from the HadISST data. Dotted shading in (A) and (B) indicates the
regression coefficients significant at the 95% confidence level. The zonal mean SST anomalies (K) of the Northern Hemisphere (red lines), North Atlantic (yellow lines), and
Indo-Pacific (blue lines) are derived from the (C) ERSST dataset and the (D) ATL_VARMIX experiment.
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index is positive before the 1920s, then turns to its negative phase
till the 1960s. It is clear that the phase shifts in the PDO do not
correspond with those in the HC strength seesaw. During the
period 1920–1950, the opposite phase can be seen between the
PDO and HC strength seesaw, whereas for the period 1950–1980,
the PDO is basically in phase with the HC strength seesaw. Also,
the correlation coefficient between these two time series is small
and insignificant (close to zero), further indicating the
relationship between them is rather too weak. Supplementary
Figure S10 shows the SST anomaly pattern of the PDO. The PDO
related SST anomalies show an equatorially symmetric structure
centered over the eastern tropical Pacific. Therefore, the
anomalous interhemispheric meridional SST gradient for the
PDO SST mode is weak and thus the effects of PDO on the
tropical cross-equatorial winds are consequently weak. This may
be the reason for the weak relationship between the PDO and
interhemispheric seesaw in HC strength.

CONCLUSIONS AND DISCUSSIONS

In this study, we identify the multidecadal variability in the
hemispheric Hadley circulation strength using NCEP and
ERA20C data. The Hadley circulation strength between the
two hemispheres is significantly correlated (above −0.8) at
decadal time scales. It is suggested that the intensification in
one hemisphere accompanies with the weakening in the other,
resulting in an interhemispheric seesaw in Hadley circulation
strength. The HC strength seesaw index, which represents the
relative strength in each hemisphere, is negatively correlated
with the AMV index. The spatial regression exhibits a strong
negative response of the Hadley circulation to the AMV and
leads to the strengthened HC in one hemisphere and weakened
in the other, corresponding to the interhemispheric seesaw in
HC strength. It is also evident that the AMV can influence the
global precipitation by modulating the decadal movement of
the ascending branch of the Hadley circulation and leads to an
interhemispheric dipole in tropical precipitation. A suit of
Atlantic Pacemaker experiments successfully reproduces the
close relation between the HC strength seesaw and the AMV,
consistent with observation. The ATL_VARMIX experiment
indicates that the warm phase AMV and its footprints on the
Indo-Pacific SST warming lead to the northward shift of the
HC ascending branch and the corresponded cross-equatorial
wind anomalies. Thus, the anticlockwise circulation induced
by the AMV imposes onto the Hadley circulation, resulting in
the strengthened SH HC and weakened in the NH. The strength
seesaw is attributed to the air–sea coupling effect over the Indo-
Pacific oceans in association with the AMV-induced warming
(AMV footprint), while the direct atmospheric response to the
AMV plays a minor role.

The Hadley Cell is one of the most important atmospheric
circulations in the world. It profoundly influences the climate
over the tropics and remote regions. Our study identifies the
multidecadal variation in the Hadley circulation strength
interhemispheric seesaw, further connecting its impact on
tropical monsoonal precipitation with the remote AMV signal.

In this study, the critical features of the HC strength seesaw are
well captured by the two data, but observational uncertainty still
exists. For example, the lead–lag relation of the
interhemispheric HC strength between the current two
reanalysis data sets is not quite the same (the correlation
maximizes when the NH leads the SH in the NCEP, but lags
the SH in the ERA20C). In addition, the experiment’s
performance is limited by the model resolution. The coarse
grid in the model may not be enough to simulate the complex
processes over the tropics and upper-level troposphere. Thus, a
more reliable observation and advanced coupled model are
needed in future works. As we have suggested a clear
interhemispheric dipole in tropical precipitation associated
with the HC strength seesaw, it is important to investigate
their physical connections and the HC strength seesaw may
be a valuable indicator for tropical monsoon prediction.

Our work mainly focuses on the interhemispheric differences
in HC strength but other features of the Hadley circulation like
the recent poleward expansion have also received considerable
attention. Although the relationship between the PDO and HC
strength seesaw is weak, previous studies have indicated an
important role of the natural variability (PDO) in modulating
the HC width (Grassi et al., 2012; Allen and Kovilakam, 2017;
Staten et al., 2018). The role of the Atlantic decadal SST variability
(AMV) in the HC expansion remains a future avenue of
investigation.
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