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Abstract

The sea surface temperature inter-hemispheric dipole (SSTID) is an important variability mode of
global SST anomalies, characterized by an anti-phase variation of SST between the two
hemispheres. In this study, the decadal variation of the northern hemisphere summer monsoon
(NHSM) is found to be strongly regulated by the SSTID, with positive (negative) phases of the
SSTID corresponding to the strengthening (weakening) of NHSM. Both observation and
SST-forced atmospheric model simulations suggest that the SSTID related thermal forcing
modulates the NHSM by causing planetary-scale atmospheric circulation adjustments. Positive
SSTID events lead to coherent increase (decrease) of surface air temperature over the entire
northern (southern) hemisphere, increasing the inter-hemispheric thermal contrast (ITC). As sea
level pressure changes are just opposite to air temperature, the increase of ITC enhances the
inter-hemispheric pressure gradient (southern hemisphere minus northern hemisphere), leading
to the strengthening of summer monsoonal circulation and the increase of monsoon rainfall in the

northern hemisphere.

1. Introduction

The monsoon, a spectacular phenomenon in Earth’s
climate system, manifests as a forced response of
the coupled ocean—atmosphere—land system to the
annual cycle of solar radiation (Trenberth et al 2000).
Besides the seasonal reversal of surface winds, mon-
soon is also accompanied by prominent changes in
precipitation. About two-thirds of the world’s pop-
ulation lives in monsoon regions, and the evolu-
tion and variation of the monsoon system thus have
profound impacts on human society (Wang and
Ding 2006, Zhang et al 2018). Therefore, a better
understanding of monsoon variability, especially its
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changes over land, has the potential to benefit the live-
lihood of those living in monsoon regions.

Affected by land—sea distribution, the northern
hemisphere bears most of the human activities, and
this study will hence focus on investigating the vari-
ability of the northern hemisphere summer mon-
soon (NHSM). The sub-systems of NHSM include
the West African monsoon, South Asian monsoon,
East Asian monsoon, and the North American mon-
soon (Li and Zeng 2002, Wang et al 2013, An et al
2015). The decadal variations and driving mechan-
isms of these regional monsoons have been extens-
ively explored in previous studies (Kripalani et al
2003, Lu et al 2006, Kucharski et al 2009, Lietal 2010a,
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Yun et al 2010, Lopez et al 2016). For example, the
long-term precipitation record indicates the Indian
summer monsoon shows strong decadal variation
during the period of 1871-2001, and local Indian
Ocean SST forcing is found to has significant contri-
bution to the decadal variation (Kripalani ef al 2003,
Kucharski et al 2006). For the African summer mon-
soon, Hoerling et al (2006) investigated the trend of
monsoon rainfall since 1950 and found the Sahel dry-
ing is an atmospheric response to warming of the
South Atlantic relative to North Atlantic sea surface
temperature (SST). Moreover, the weakening of East
Asian summer monsoon (EASM) since the late 1970s
is shown to be associated with the decadal SST warm-
ing over the central and eastern Pacific (Zhou et al
2009, Li et al 2010a). Most of these studies are based
on regional perspectives, emphasizing the impacts of
local land—sea thermal contrast and topography on
monsoon variability. However, on decadal and longer
time scales, the monsoon variability is primarily reg-
ulated by planetary-scale controls, and the regional
perspective is unable to reveal the causes of mon-
soon decadal variation (Wang et al 2013). In view
of coherent variations among regional monsoons, it
is needed to investigate monsoon decadal variability
from a global perspective. Indeed, several earlier stud-
ies have examined the recent changes of the global
monsoon system (Zhou et al 2008, Hsu et al 2011,
Wang et al 2013). For instance, Wang et al (2013)
found that both circulation and precipitation of the
NHSM have shown a significant enhancement since
the late 1970s, which is primarily caused by a com-
bined forcing of the Interdecadal Pacific Oscillation
(IPO) and Atlantic Multidecadal Oscillation (AMO).
However, the research period for these studies is rel-
atively short, mainly focusing on the trend of NHSM,
and not able to capture its decadal oscillation. As
such, further investigations into the decadal variation
of NHSM and its driving mechanism are necessary.
The SST inter-hemispheric dipole (SSTID) is one
of the dominant variability modes of global SST
anomalies, which is characterized by a decadal-scale
seesaw of SST between the northern and southern
hemispheres (Folland et al 1999, Parker et al 2007,
Sun et al 2013, Chen et al 2017). The SSTID is
partially related to the AMO in the North Atlantic
region, however it differs from AMO in spatial pat-
tern as demonstrated by Sun et al (2013). Even though
the formation mechanism of the SSTID is still not
well understood, both ocean meridional overturn-
ing circulation and hemispheric asymmetries in aer-
osol emissions are found to play important roles in
the asymmetric evolution of SST between the two
hemispheres (Dima and Lohmann 2010, Chiang and
Friedman 2012, Chung and Soden 2017). In previ-
ous studies, the SSTID is documented to have sig-
nificant impacts on the decadal variations of trop-
ical rainfall and extratropical atmospheric circulation
over the two hemispheres (Sun et al 2013, Lopez et al
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2016, Xue et al 2018a). As a global-scale variability
mode on decadal timescales, the SSTID is strongly
associated with the changes of an inter-hemispheric
thermal gradient, which indicates the SSTID may also
exert impacts on the decadal variability of the global
monsoon system. Therefore, this study aims to exam-
ine the possible influence of SSTID on the decadal
variation of NHSM. The remainder of this paper is
organized as follows. Datasets and methods are intro-
duced in section 2. Section 3 investigates the impacts
of SSTID on NHSM through both observational ana-
lysis and SST-forced atmospheric general circulation
model (AGCM) simulations. Finally, section 4 con-
tains a summary and discussion.

2. Data and methodology

The gridded SST data is taken from the Extended
Reconstructed Sea Surface Temperature version 4,
which covers the period from 1854 to the present
with a 2° x 2° resolution (Huang et al 2015). The
monthly land precipitation is based on the Climatic
Research Unit Time-Series version 3.23, which is
available on a 0.5° x 0.5° grid spanning the period
1901-2014 (Harris et al 2014). Atmospheric reana-
lysis data including surface air temperature, sea level
pressure (SLP) and horizontal winds is obtained from
the National Centers for Environmental Prediction
and National Center for Atmospheric Research, cov-
ering the period from 1948 to the present (Kalnay et al
1996). Summer in this study refers to the boreal sea-
son from May to September (MJJAS).

The regional monsoon is measured by the
dynamic normalized seasonality (DNS) index, which
delineates the monsoon intensity with the amplitude
of seasonal variation of wind field (Li and Zeng 2002).
For a given spatial grid point, the DNS index in the
mth month of the nth year is expressed as:

H Vl - Vm,n

5m7n = _27 (1)

‘7

where \71 is the climatological wind vector in January,
V indicates the average of climatological wind vectors
in January and July, and Vm,n represents the wind vec-
tors in mth month of the nth year. Then the monsoon
index is obtained by averaging the 850 hPa DNS index
over each monsoon region. The West African summer
monsoon index is defined as the area-averaged sum-
mer DNS index over 5° N-17.5° N, 20° W—40° E.
Similarly, the South Asian summer monsoon (SASM)
index is defined as the average over 10° N-25°
N, 50° E-100° E, the EASM index is the average
over 10° N—45° N, 105° E-130° E, and the North
American summer monsoon is the average over
0° N-15° N, 70° W—55° W. The IPO index is calcu-
lated as the difference between SST anomalies aver-
aged over the central equatorial Pacific (10° S-10° N,
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170° E-90° W) and the average of SST anomalies in
the northwest (25° N—45° N, 140° E-145° W) and
southwest Pacific (50° S-15° S, 150° E-160° W) fol-
lowing Henley et al (2015). The AMO index is defined
as the area-weighted average of SST anomalies over
the North Atlantic region (0° N—-65° N) (Enfield et al
2001).

The Student’s #-test is employed to determine the
statistical significance of correlation and regression
coefficients. Considering the impact of autocorrela-
tions on degrees of freedom, we use an effective num-
ber of degrees of freedom N° based on the following
approximation:

N

1 1, 2N-j o
W’“NJFNZTPMJ)M(J), (2)

j=1

where N is the sample size, pxx(j) and pyy(j) denote
the autocorrelations of time series X and Y at time
lag j, respectively (Sun et al 2017, Xue et al 2018b,
2018c¢).

The SST sensitivity experiments are performed
using the International Centre for Theoretical Physics
AGCM (ICTPAGCM), which adopts T30 horizontal
spectral truncation and includes eight vertical levels
(Molteni 2003). This intermediate model has been
widely used in the research of monsoon variability
(Kucharski et al 2006, 2009, Dogar et al 2017). In the
control run, the model is forced with the climatolo-
gical mean SST. Along with the control run, three sets
of sensitivity experiments are conducted with forcing
of summer SSTID anomalies, AMO anomalies and
SSTID anomalies removing the AMO signal, respect-
ively. All simulations are integrated for 50 years and
the outputs for years 31-50 are analyzed. Moreover,
a set of Atmospheric Model Intercomparison Pro-
ject (AMIP) experiment based on NASA GISS Model
E2-R in phase 5 of the Coupled Model Intercom-
parison Project is also used (Taylor et al 2012). This
model is chosen because of its availability of long-
term simulations, which make it possible to obtain
reliable atmospheric responses to SST forcing. The
AMIP experiment is run from 1880 to 2010 with
prescribed historical SST and includes five ensemble
members (rlilpl-r5ilpl). The years 1880-1899 of all
simulations are regarded as spin-up, and the analysis
is performed on the remaining period of 1900-2010.
To highlight the SST-forced atmospheric responses,
we analyze the results based on the average of five
ensemble members.

3. Results

3.1. Spatio-temporal characteristics of the SSTID
in summer

Figure 1(a) gives the normalized time series of sum-
mer SSTID index, which is defined as the difference
of hemispheric-mean SST anomalies between the
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northern and southern hemispheres following past
studies (Sun et al 2013, Xue et al 2018a). The SSTID
index is observed to exhibit strong decadal variabil-
ity, including three main decadal phase shifts dur-
ing the 20th century. The summer SSTID pattern
is then obtained as the correlation map between
SSTID index and global SST anomalies. As seen
in figures 1(b) and (c), the SSTID is character-
ized by an inter-hemispheric dipolar pattern with
opposite-signed SST anomalies between the two
hemispheres.

It is noted that the SSTID related SST anomalies
in the North Atlantic is similar to the AMO pattern
(Enfield etal 2001, Lyu et al 2017). As a regional mode
in the North Atlantic, AMO is asymmetric about
the equator and thus contribute to the formation of
SSTID. Therefore, SSTID is not completely independ-
ent of the AMO, and there exists connection between
them. However, there are prominent differences
between these two phenomena. Figure S1 (available
online at stacks.iop.org/ERL/17/044033/mmedia)
further shows the partial correlation between SSTID
index and global SST anomalies with the AMO influ-
ence being linearly removed. After removing AMO,
the SSTID signal is found to be weakened in the North
Atlantic, but basically unchanged in other ocean
basins. Moreover, the decadal variability of SSTID
index still exists even removing the AMO signal
(figure S2). As such, the spatio-temporal evolution
of the SSTID is demonstrated to be largely independ-
ent of the AMO, and the AMO can be regarded as the
North Atlantic component of the SSTID. In addition,
as an equatorial asymmetric mode, the SSTID is
independent of the IPO that is symmetric about the
equator, and the SSTID pattern is thus found to be
unchanged when the IPO signal is removed (figure
S1(b)).

The inter-hemispheric dipolar pattern of SSTID
indicates its potential influence on trans-hemispheric
SST gradient over the tropics. To confirm this,
figure 1(d) calculates the correlation between SSTID
index and zonal-mean meridional SST gradients in
summer. The meridional SST gradients over the trop-
ics are found to be significantly increased during pos-
itive phases of the SSTID. In this regard, the SSTID
may influence the decadal variation of summer mon-
soon system by modulating the inter-hemispheric
thermal contrast (ITC).

3.2. The relationship between the SSTID and
decadal variation of NHSM

Figure 2(a) presents the differences in land precip-
itation and 850 hPa winds between summer and
winter based on the 1961-1990 climatology. Areas
with notable precipitation changes in the northern
hemisphere are located mainly in the tropical regions
of West Africa, South Asia, Fast Asia, and North
America. Since precipitation are closely related to the
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Figure 1. (a) Normalized time series of summer SSTID index during 1901-2014 and its 11-year running mean. (b) Correlation
map between the SSTID index and global SST anomalies in summer. (c) Correlation between the SSTID index and zonal mean
SST anomalies in summer. (d) As in (c), but for meridional SST gradients and SSTID index. Dotted shading and bolded lines
indicate correlations above the 95% confidence level.
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Figure 2. (a) Climatological mean MJJAS minus NDJFM rainfall (shading; mm d~!) and 850 hPa winds (vectors; m s~ !). The
land monsoon area in the northern hemisphere is outlined by pink lines. The boxed area indicates a key domain (0° N-20° N,
120° W-120° E) for monsoon circulation. (b) The collocation between climatological summer precipitation (shading;

mm month™!) and northern hemisphere land monsoon area indicated by pink lines.
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Figure 3. The (a) spatial pattern and (b) principal component of the first EOF mode of 3 years running averaged summer
precipitation over northern hemisphere land monsoon region during 1901-2014. The time series of the NHSM-LP index is also

shown as a blue line in (b).

atmospheric circulation, seasonal variations of pre-
cipitation are meanwhile accompanied by the sea-
sonal reversal of low-level winds. And regions with
the most prominent wind changes are over a zonal
band extending from the Mexico to Philippines (0°
N-20° N, 120° W-120° E). Based on the seasonal
variation of land precipitation, the monsoon regions
are identified as areas where the difference of pre-
cipitation rates between summer and winter exceeds
2 mm d~!, and summer precipitation exceeds 55%
of the total annual precipitation (Wang et al 2013).
The blue lines in figure 2(a) outline the distribution of
northern hemisphere land monsoon area. Moreover,
figure 2(b) shows the collocation between north-
ern hemisphere land monsoon region and summer
precipitation. It is found that summer precipitation
mainly occurs over the monsoon region, indicating
monsoon rainfall is the main source of summer pre-
cipitation for the northern hemisphere. Therefore,
understanding the variability and driving mechanism
of NHSM is of great importance.

To reveal the dominant variability mode of
NHSM, figure 3(a) presents the first empirical ortho-
gonal function mode (EOF1) of summer precipit-
ation over the northern hemisphere land monsoon
area. The spatial pattern of EOF1 is characterized by

coherent changes over the entire monsoon region.
According to this feature, the intensity of NHSM can
be measured simply by the area-averaged precipita-
tion rate over the land monsoon region, referred to
as the NHSM land precipitation (NHSM-LP) index.
The NHSM-LP index is highly consistent with the
principle component of EOF1 with a positive correl-
ation of 0.91, which is significant at the 95% con-
fidence level (figure 3(b)). The NHSM-LP index dis-
plays prominent decadal oscillation, with three main
phase changes during the 20th century (figure 4(a)).
To understand the causes of NHSM decadal vari-
ation, figure 4(b) examines the decadal-scale cor-
relation between NHSM-LP index and global SST
anomalies. The most prominent feature of the cor-
relation map is opposite-signed values between the
two hemispheres, basically with positive correlations
in the northern hemisphere and negative correla-
tions in the southern hemisphere. Moreover, the pat-
tern is found to project onto the IPO signal over the
Pacific sector, and this is because the IPO has cer-
tain modulating effects on the decadal variation of
NHSM, as documented in Wang et al (2013). In order
to explore the possible influence of SST variability
other than IPO on the NHSM, figure 4(c) further
calculates the partial correlation between NHSM-LP
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Figure 4. (a) Normalized time series of NHSM-LP index (blue) and its 11-year running mean (pink) during 1901-2014. (b)
Decadal-scale correlation between NHSM-LP index and global SST anomalies in summer during 1901-2014. (c) As in (b), but for
the partial correlation with IPO influence being removed. Dotted shading indicates correlations significant at the 90% confidence
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index and SST anomalies with the IPO influence
being linearly removed. After excluding the IPO influ-
ence, we can see the correlation map shows a prom-
inent inter-hemispheric dipolar pattern, reminiscent
of the SSTID. Figure 5 thus compares the normalized
time series of the NHSM-LP and summer SSTID
indices. The decadal variation of NHSM is found to be
strongly in phase with the SSTID with a positive cor-
relation of 0.82, exceeding the 95% confidence level
(figure 5(a)). Furthermore, the consistency of phase
evolution between the NHSM and SSTID is enhanced
when the IPO influence is removed (figure 5(b)).
Based on the results of multiple linear regression
reconstruction, we found the combined influence of
the IPO and SSTID well explains the decadal variation
of NHSM. Meanwhile, the reconstructed results are
basically unchanged when the AMO signal is removed
from the SSTID (figure S3).

The above statistical results indicate that the
SSTID may have an important modulating effect
on the decadal variation of NHSM. To illuminate

physical mechanisms responsible for the influence of
the SSTID on NHSM, we investigate the anomalous
changes in low-level atmospheric variables, includ-
ing surface air temperature, SLP and 850 hPa winds.
During the positive phases of the SSTID, surface
air temperature increase coherently over the entire
northern hemisphere while the air temperature in
the southern hemisphere decreases, this is consistent
with the spatial pattern of the SSTID (figure 6(a)).
Accompanying the northern hemisphere warming,
the SLP shows a hemispheric-scale lowering, with
centers of negative anomalies located in a zonal
band extending from the tropical Atlantic to the
Eurasian continent north of the Tibet Plateau. The
low-pressure anomalies lead to strengthened mon-
soon circulation in the northern hemisphere and
enhanced water vapor convergence into the mon-
soon region, thus increasing the NHSM rainfall
(figures 6(b) and (c)).

The above analysis indicates the SSTID is accom-
panied by a hemispheric adjustment of atmospheric
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Figure 5. (a) Normalized time series of NHSM-LP and SSTID indices in boreal summer and their 11-year running means. (b) As
in (a), but with the IPO influence being removed from the NHSM-LP index.

circulation. On this basis, figure 7 further ana-
lyzes the time evolution between the SSTID and
planetary-scale atmospheric circulation. First, the
ITC is defined as the difference of averaged surface
air temperature between the northern and southern
hemispheres. The decadal variation of ITC is found
to be positively correlated with the SSTID, with a
correlation coefficient of 0.8 (figure 7(a)). As for
SLP, the inter-hemispheric pressure contrast (IPC)
and SSTID shows a prominent inverse variation on
decadal timescales and the correlation between the
two reaches —0.94 (figure 7(b)). The positive SSTID
corresponds to temperature increase (decrease) in
the northern (southern) hemisphere, increasing the
temperature difference between the two hemispheres.
And such an increase in ITC intensifies the south—
north pressure gradient (southern hemisphere minus
northern hemisphere), enhancing the northward
trans-equatorial airflow for the monsoon region
(figure 7(c)). As northern hemisphere monsoon is
characterized by notable seasonal variation of wind
field over 0° N-20° N; 120° W-120° E (figure 2(a)),
the average zonal wind in this domain can be used to
characterize the variation of planetary-scale monsoon
circulation. As demonstrated in figure 7(d), there is a
good synchronous evolution between the SSTID and
zonal wind index (the correlation coefficient reaches
0.94), which indicates the NHSM circulations are
strengthened during the positive phases of the SSTID.

The NHSM comprises several monsoon subsys-
tems, including the West African monsoon, South

7

Asian monsoon, East Asian monsoon, and the North
American monsoon. Figure 8 further checks the
relationship between the SSTID and these regional
monsoon systems, respectively. As seen in the figure,
each subsystem of NHSM has undergone signific-
ant decadal variation during 1948-2014, showing
a synchronous weakening from 1960 to 1985 and
strengthening from 1990 to the present. It is noted
that the decadal variations of these monsoon systems
are all consistent with the phase evolution of SSTID,
which further demonstrates the SSTID has a modu-
lating effect on the whole NHSM.

3.3. NHSM responses to SSTID forcing in AGCM
simulations

The decadal variations of NHSM rainfall and circula-
tion are observed to be synchronized with the SSTID.
And the above analyses suggest that the SSTID may
influence NHSM by causing hemispheric-scale atmo-
spheric circulation adjustment through its thermal
forcing. To confirm this, both SST-forced sensitiv-
ity experiments and AMIP simulations are employed
to verify the NHSM responses to SSTID forcing.
First, three sets of sensitivity experiments are con-
ducted with forcing of summer SSTID anomalies,
AMO anomalies and residual SSTID anomalies with
the AMO signal being removed, respectively (figure
S4). Figure 9 shows the NHSM rainfall responses to
anomalous SST forcing in three sets of AGCM simu-
lations. It is observed from figure 9(a) that the anom-
alous SSTID forcing can significantly increase the
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Figure 6. (a) Regression map of anomalous surface air temperature (units: °C) against the normalized SSTID index in summer
during the period 1948-2014 on decadal time scales. (b) The same as in (a), but for SLP (shading; units: hPa) and 850 hPa winds
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NHSM rainfall, while the impacts of AMO forcing
on NHSM is not that significant (figure 9(b)). This
demonstrate that the decadal variation of NHSM is
better explained by the SSTID than the AMO, which
only explains the North Atlantic component of the
SSTID. By comparing three sets of AGCM experi-
ments, it is also noted that the influence of SSTID
on EASM and SASM is caused by the combined for-
cing of AMO and residual SSTID anomalies, while
the West African summer monsoon is more related
to the residual SSTID forcing. As such, the above res-
ults indicate that the North Atlantic and Indo-Pacific
components of the SSTID combine to modulate the
NHSM.

On this basis, the impacts of SSTID is further
examined in an AMIP experiment, which is based
on more a comprehensive AGCM and has longer
integration time. Figure 10 presents the simulated

monsoon rainfall response to SSTID forcing. It is
demonstrated the positive SSTID can indeed increase
monsoon precipitation in the northern hemisphere
(figure 10(a)), and the time series of NHSM-LP index
is also in phase with the SSTID (figure 10(b)). In
addition, figure S5 presents the responses of surface
air temperature, SLP and 850 hPa winds to SSTID
thermal forcing in the AMIP experiment. As observed
in figure S5(a), the SSTID forcing causes divergent
responses of surface air temperature between the
two hemispheres, with coherent warming (cooling)
over the northern (southern) hemisphere. It is,
therefore, noted that the SSTID forcing reduces
SLP in the northern hemisphere and enhances
the south-north pressure gradient (southern hemi-
sphere minus northern hemisphere), hence strength-
ening the northward trans-equatorial airflow and
monsoonal circulation (figure S5(b)). The time
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Figure 7. (a) Normalized time series of SSTID (blue) and inter-hemispheric thermal contrast (ITC; defined as the surface air
temperature averaged over 20° N-70° N, 120° W-120° E minus that over 40° S-0° S, 120° W-120° E) during 1948-2014 and
their 11-year running means. (b)—(d) As in (a), but for SSTID and (b) IPC, (c) 850 hPa cross-equatorial meridional wind
averaged over 120° W-120° E and (d) 850 hPa zonal winds averaged over 0° N-20° N, 120° W-120° E. The decadal-scale
correlation coefficient (R) between the two indices is indicated in each figure.
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Figure 9. (a) Simulated responses of summer precipitation to the forcing of SSTID anomalies in ICTPAGCM sensitivity
experiment. (b), (¢) As in (a), but for (b) AMO anomalies and (c) SSTID anomalies removing the AMO signal. The pink lines in
the figure outline the land monsoon area in the northern hemisphere. Stippling indicates differences that are significant at the

evolutions between the SSTID and ITC, IPC as
well as the planetary monsoon circulation in the
AMIP experiment are analyzed in figure S6, which
demonstrates the SSTID modulates monsoon intens-
ity by changing ITC and pressure gradient. Con-
sequently, results from above AGCM simulations
all support the hypothesis that SSTID thermal for-
cing modulates the decadal variation of NHSM
by causing planetary-scale atmospheric circulation
adjustments.

4. Summary and discussion

The SSTID, characterized by opposite-signed SST
anomalies between the two hemispheres, is one of
the dominant modes of global SST variability (Parker
et al 2007, Sun et al 2013, Chen et al 2017). In

the present study, the SSTID is demonstrated to
have significant impacts on the decadal variation of
NHSM, with positive phases of the SSTID corres-
ponding to enhanced NHSM. During positive phases
of the SSTID, surface air temperature is increased
over the northern hemisphere and decreased over
the southern hemisphere, thereby enhancing the ITC.
Because SLP changes are associated with the air tem-
perature, the increased thermal contrast between the
two hemispheres enhances the south-north pres-
sure gradient, which strengthens the northward
cross-equatorial airflow and leads to the increase
of summer monsoonal circulation and rainfall in
the northern hemisphere. Moreover, the SST-forced
sensitivity and AMIP simulations are employed
to verify the NHSM responses to SSTID thermal
forcing.
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Figure 10. (a) Regression of summer precipitation anomalies onto the normalized SSTID index during 1900-2010 in SST-forced
AMIP ensemble simulations. The land monsoon area in the northern hemisphere is outlined by pink lines. Dotted shading
indicates regressions significant at the 95% confidence level. (b) Normalized time series of the SSTID index and NHSM-LP index
during 1900-2010 and their 11-year running means in AGCM simulations.

Regarding the climate impacts of the SSTID, pre-
vious studies found the SSTID can cause equat-
orial asymmetric responses in tropical rainfall and
extratropical atmospheric circulation over the two
hemispheres (Sun et al 2013, Xue et al 2018a). Nev-
ertheless, the potential impacts of the SSTID on
global monsoon system remain unknown. In the
present study, we demonstrated that SSTID-related
thermal forcing also has a significant impact on the
decadal variation of NHSM, which further extends
our knowledge of the SSTID’s climate impacts. This
paper primarily focuses on the SSTID’s influence
on land monsoon variation in the northern hemi-
sphere, where most of the world population lives and
long observational data is available. However, oceanic
monsoons (e.g. the Western North Pacific monsoon)
are also important components of the NHSM (Lee
etal 2014, Wang and Yu 2018). The decadal variability
of NHSM with oceanic monsoons being included
deserves further investigation in the future, when
observations over the oceans are long enough.

Besides the northern hemisphere monsoon, the
southern hemisphere monsoon located in South
America, South Africa and Australia is also an essen-
tial part of the global monsoon system (Wang and
Ding 2006, Zhang 2010, Marengo et al 2012, An et al
2015). As a global-scale SST mode, the SSTID may
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also modulate the decadal variability of the south-
ern hemisphere monsoon system, and further explor-
ation of this topic is needed as well.
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