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ABSTRACT: The causes of historical changes in the Southern Hemisphere (SH) monsoon are less understood than the
Northern Hemisphere (NH) counterpart. Unlike the decline in the NH monsoon during 1901–2014, we found that the SH
land monsoon precipitation significantly increased during 1901–2014 in observation, reanalysis, and most historical simula-
tions from phase 6 of the Coupled Model Intercomparison Project (CMIP6). The observed increase in SH land monsoon
precipitation is dominated by the Australian and South American monsoons. Moisture budget analysis suggests that half of
the wettening is attributable to the strengthening of monsoon circulation, and only one-fifth is caused by atmospheric
moistening. The SH monsoon circulation change is mainly affected by the sea surface temperature (SST) gradient between
the Indo-Pacific and the eastern Pacific. It enhances the tropical zonal circulation that redistributes the moisture from tropi-
cal oceans to land monsoon regions by strengthening the lower-tropospheric convergence and convection. The CMIP6
models, which successfully reproduced the SST contrast between the Indo-Pacific and eastern Pacific, simulate the wetten-
ing of the SHmonsoon during the historical period; otherwise, the SHmonsoon is weakened. In a meridional sense, reanal-
ysis and CMIP6 simulations both demonstrated that the strengthening of SH monsoon convection plays a vital role in the
long-term change of zonal mean Hadley circulation, albeit the monsoon band only accounts for 1/3 of the global longitudi-
nal area. Results from this study are useful for constraining the future projection of SH monsoon and understanding the
long-term change of Hadley circulation.
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1. Introduction

The SH and the NH monsoons are two components of the
global monsoon system, which are fundamentally driven by
the annual cycle of solar radiation and represent the global
tropical atmosphere overturning by mass, momentum, and
energy (Trenberth et al. 2000; Bordoni and Schneider 2008;
Wang et al. 2014; An et al. 2015). Precipitation of the SH
monsoon is the lifeblood of agriculture and hydropower sec-
tors in southern developing countries where climate resilience
is relatively low. Prior studies often analyzed the NH and SH
monsoons in parallel. Results suggest an in-phase change dur-
ing some climate conditions but an out-of-phase change dur-
ing others, although they are forced by the same external
forcing and simulated by the same group of coupled models
(Wang et al. 2006; Cheng et al. 2012; Hsu et al. 2012; Lee and
Wang 2014; Jiang et al. 2015; Yan et al. 2016; Cao et al. 2019b;
D’Agostino et al. 2019, 2020; Scussolini et al. 2019; Cao and
Zhao 2020; Wang et al. 2020; Cao et al. 2020, 2022). This sug-
gests that NH and SH monsoons may be driven by distinct

physical processes (Liu et al. 2012; Brown et al. 2016; Jin et al.
2020); thus, the mechanisms responsible for the SH counter-
part need to be better understood. To faithfully project the fu-
ture SH monsoon, there is a need to improve the driving
mechanism of long-term change of past and historical SH
monsoons.

Under the wet-get-wetter paradigm, the warming of the
global climate is expected to increase the precipitation over
climatological wet regions, as in monsoon regions (Held
and Soden 2006; Wang et al. 2012). Proxy data and paleocli-
mate simulations revealed that the NH monsoon is indeed
wettening (Jiang et al. 2015; D’Agostino et al. 2019; Scussolini
et al. 2019; Cao et al. 2021), but the SH monsoon dries (Jiang
et al. 2015; Scussolini et al. 2019; D’Agostino et al. 2020) during
the last interglacial and mid-Holocene warm periods. Dur-
ing the last glacial maximum period, both NH and SH
monsoons were drier than the present, although the magni-
tudes of precipitation reduction show different sensitivity
in the NH and SH monsoons (Yan et al. 2016; Cao et al.
2019a,b). Since the last glacial maximum, it has been found
that the NH and SH monsoons have a significant antiphase
relationship on the millennium time scale (Cheng et al.
2012; Li et al. 2022). Moreover, the NH and SH monsoons
have shown a similar pace on the centennial time scale in
the most recent 1000 years, although the NH and SH mon-
soons are affected by different physical processes (Liu et al.
2009, 2012).
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On the other hand, the CMIP models projected different
trends in NH and SH monsoon precipitation under anthropo-
genic global warming. There are explained from the perspec-
tives of atmospheric circulation and energetic farmwork (Hsu
et al. 2013; Lee and Wang 2014; Cao et al. 2020; Wang et al.
2020; Ha et al. 2020; D’Agostino et al. 2019, 2020). A wetter
future NH monsoon is often found in CMIP5/6 projection,
but consensus on how SH monsoons will change is still low
(Lee and Wang 2014; Cao et al. 2020; Wang et al. 2020; Chen
et al. 2020), albeit the large intermodel spread of SH mon-
soons could be understood by the uncertainty in monsoon cir-
culation change (Cao et al. 2020) and net atmospheric energy
input (D’Agostino et al. 2020). The middle-of-the-road scenar-
ios in CMIP5 and CMIP6 both projected an insignificant change
in the SH monsoon, while it tended to be wet under higher
emission scenarios (Chen et al. 2020). The increase in projected
NH monsoon precipitation is often explained by the compelling
effect of atmospheric moistening under global warming and the
weakening of monsoon convergence (Hsu et al. 2013; Endo and
Kitoh 2014; Wang et al. 2020). However, the changes in SH
monsoons are relatively less investigated. The low confidence of
projected SH monsoon may be due to the poorly understood
SH monsoon system responses to anthropogenic and/or natural
forcing-driven climate change and, on the other hand, due to
the defectiveness of model physics in the climate models (Cao
et al. 2020; Zhou et al. 2020b).

The observation and reanalysis dataset from the instrumental
period provided opportunities to explore the long-term change
of the NH/SH monsoon and its associated mechanisms. Studies
revealed various NH monsoon precipitation trends with differ-
ent lengths of analysis periods. Monsoon precipitation de-
creased during the 1950s–1980s and increased afterward (Wang
et al. 2018; Huang et al. 2019; Monerie et al. 2022). An overall
decrease in monsoon precipitation is detected and attributable
to the anthropogenic aerosols (Bollasina et al. 2011; Polson et al.
2014; Zhou et al. 2020a; Monerie et al. 2022) and the multideca-
dal oscillation of tropical SSTs (Wang et al. 2018; Zhang et al.
2018). Recently, Cao et al. (2022) found a significant decrease in
the NH monsoon precipitation during the historical warming
period (1901–2014). This drying is attributed to the higher sensi-
tivity of NH monsoons to anthropogenic aerosol than green-
house gases, although the latter dominates Earth’s warming.
The aerosols’ efficacy in monsoon precipitation is 5 times that
of greenhouse gases, mainly attributed to the higher sensitivity
of monsoon circulation and surface evaporation to aerosols.
However, the long-term change of SH monsoon is still relatively
unknown. It is uncertain whether the SHmonsoon is also drying
and dominated by the higher sensitivity from the aerosol. Previ-
ous studies investigated the SH monsoon changes in relatively
short periods, showing different trends. There is no significant
change in SH monsoon during the latter half of the last century
(e.g., the 1950s–2000s) (Wang and Ding 2006; Zhou et al. 2008),
whereas its trend has become positive when considering the re-
cent few decades (e.g., 1979–2011) (Wang et al. 2012; Lin et al.
2014). Both periods may be significantly influenced by the Earth
system’s internal modes, although the effect of external forcing
may be detected over some regions (Wang et al. 2018; Ha et al.
2020). Zhang and Zhou (2011) examined the linear trend of SH

monsoon precipitation during 1901–2001, which showed an in-
crease. However, its driving mechanism is unknown.

The variation of long-term change of SH monsoon is often
linked to the zonal mean location of the intertropical conver-
gence zone (ITCZ) and Hadley circulation (Charney 1969;
T. Schneider et al. 2014; Boos and Korty 2016; Biasutti et al.
2018; Gadgil 2018). According to the energetic framework,
the Hadley cell moves to the warmer hemisphere in order
to balance the cross-equatorial heat transport from the ocean.
Thus, the ITCZ, which is collocated with the ascending branch
of the Hadley cell, shifts to the more energetic hemisphere
(Broccoli et al. 2006; Donohoe et al. 2013; Frierson et al. 2013;
Bischoff and Schneider 2014; Xiang et al. 2018; Biasutti et al.
2018). This is broadly consistent with the increase of monsoon
precipitation when the ITCZ migrates poleward, supporting
the view of monsoons as a local expression of the ITCZ
(T. Schneider et al. 2014; Biasutti et al. 2018; Gadgil 2018). It
has been challenged by other perspectives, including the fol-
lowing: 1) Theoretically, the monsoons are characterized by
angular momentum conserving circulations, differing from the
view of ITCZ, which is strongly influenced by momentum
fluxes associated with large-scale transient eddies (Biasutti
et al. 2018; Geen et al. 2020). 2) Also, a large portion of the
ITCZ is embedded in the monsoon regions; thus, the annual
migration of ITCZ is largely influenced by the monsoon sys-
tem (Wang et al. 2014, 2017). Therefore, the relationship be-
tween the monsoon and Hadley cell/ITCZ is still inconclusive.

In this study, we explore the trends of the SH monsoon dur-
ing 1901–2014 from observation, reanalysis, and CMIP6 histori-
cal simulations. We only focus on the land area where longer
observational datasets exist. We found the consistent wettening
of SH monsoon in the three types of datasets. The analysis dem-
onstrates the roles of atmospheric moisture and monsoon circu-
lation on the long-term change in SH monsoon. The trends in
the two processes are attributed to the influence of global warm-
ing and the SST gradient over the tropics, respectively. In addi-
tion, the dominance of monsoonal meridional circulation to the
zonal mean Hadley cell is discussed. In the next section, the
data and methods are introduced. Section 3 analyzes the long-
term trend of SH monsoon in observation and reanalysis and
verified the SST gradient hypothesis in the reanalysis, and they
are proved by the CMIP6 historical simulations. The conclu-
sions are provided in the last section.

2. Data and method

a. Observation, reanalysis, and simulation data

Three monthly global land observational precipitation data-
sets are used to reveal the long-term change of the SH mon-
soon during the historical period: 1) Version 7 of the Global
Precipitation Climatology Centre (GPCC) covers the period
of 1900–2016 with a resolution of 0.583 0.58 (U. Schneider et al.
2014); 2) version 4.04 of the Climate Research Unit (CRU) cov-
ers 1900–2020 with a resolution of 0.58 3 0.58 (Harris et al. 2014),
and 3) version 4.01 of the University of Delaware (UDEL) cov-
ers 1900–2017 with a resolution of 0.58 3 0.58 (Willmott and
Matsuura 2001). The average of the three observational datasets
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is used as the OBS to define the monsoon domain and to exam-
ine the monsoon precipitation change. Four sets of reanalysis
datasets are used to confirm the long-term trend of SH monsoon
and understand its physical processes: 1) The Twentieth Century
Reanalysis Project data from the National Oceanic and Atmo-
spheric Administration for 1836–2015 (NOAA-20C; Compo et al.
2011), 2) the European Centre for Medium-RangeWeather Fore-
casts (ECMWF) reanalysis of the twentieth century during 1900–
2010 (ERA-20C; Poli et al. 2016), 3) the National Centers for En-
vironmental Prediction (NCEP)–National Center for Atmo-
spheric Research (NCAR) reanalysis dataset during 1948–2021
(NCEP1; Kalnay et al. 1996), and 4) the Japanese 55-year Reanal-
ysis Project for 1958–2021 (JRA-55; Kobayashi et al. 2015). The
sea surface temperature (SST) used in this study is from the Met
Office Hadley Centre (Rayner et al. 2003), which is the major
source of surface temperature assimilation for NOAA-20C and
ERA-20C dataset (Compo et al. 2011; Poli et al. 2016). The
monthly mean precipitation, evaporation, three-dimensional
winds, sea level pressure, and geopotential height are used.
All reanalysis data are interpolated to a uniform resolution of
283 28 to facilitate comparison. We focus on the austral summer
[December–March (DJFM)] during the period of 1901–2014
since it is the common period among observation, reanalysis,
and CMIP6 historical simulations.

We verified the ability of the coupled model to simulate the
long-term change in SH monsoon using the historical simulations
from 40 CMIP6 models (Eyring et al. 2016). One realization
from each model’s historical simulation is used. Figure 1 introdu-
ces the models and the linear trends of the SH monsoon precipi-
tation in the individual model. The historical simulation is forced
by observed nature and anthropogenic forcings from 1850 to
2014. The monthly mean precipitation, three-dimensional winds,
and surface temperature data are used with the interpolated reso-
lution of 283 28.

b. Methods

Following prior studies, the SH land monsoon domain is de-
fined as the regions with the precipitation annual range larger

than 2.5 mm day21 and summer precipitation exceeding 50% of
the annual total (Wang et al. 2012; Cao et al. 2022). The annual
range is the difference between austral summer (DJFM) and
winter [June–September (JJAS)]. The recent 30 years of the
OBS data are used to define the monsoon domain (red curves
in Fig. 2). Thus, we only examine the land monsoon precipita-
tion change in this study. The defined SH monsoon region in-
cludes the South African monsoon (SAF), Australian monsoon
(AUS), and South American monsoon (SAM) regions.

Moisture budget analysis is often employed to understand the
determining factors for the changes in monsoon precipitation
(Chou et al. 2009; Seager et al. 2010; Chadwick et al. 2013). The
moisture conservation equation in pressure coordinates for pre-
cipitation could be expressed as

P′ ’ E′ 2thqi′ 2 hVh ? =hqi′ 2 hvpqi′, (1)

where P represents the precipitation, E represents evaporation,
q denotes the specific humidity, V is the three-dimensional wind
vector, and t is the time derivative. Angle brackets (h i) denote
the integration from the surface to 100 hPa, and primes (′) de-
note the linear trend. For seasonal mean motion, the local rate
of change (thqi′) can be neglected. The term 2hVh ? =hqi′ rep-
resents horizontal advection of horizontal moisture gradient.
The term 2hvpqi′ represents vertical moisture advection,
which can be divided as

2 hvpqi′ 52hvpq′i 2 hv′pqi 2 NL: (2)

Since2hVh ? =hqi′ and NL are both small terms, they can be omit-
ted. Therefore, the changes in precipitation can be expressed as

P′ ’ E′ 2 hvpqi′ 2 hv′pqi: (3)

In Eq. (3), 2hvpq′i and 2hv′pqi are the precipitation
change due to atmospheric moisture change (moisture effect)
and circulation change (circulation effect), respectively (Wang
et al. 2020).

FIG. 1. Linear trends (mm day21 century21) of SH monsoon precipitation in the historical experiment (1851–2014)
of 40 CMIP6 models. The four models with the largest drying and wetting trends are marked by green and brown col-
ors, respectively. “Wet” and “Dry” indicate the ensemble mean of the four models with the largest drying and wetting
trends, respectively. MME is the ensemble mean of the 40 CMIP6 models.
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In this study, we used Sen’s slope and the Mann–Kendall
test to obtain the long-term trend and its statistical signifi-
cance (Kendall 1955).

3. Wettening of SH monsoon since 1901 in observation
and reanalysis

a. Climatology and trends of SH monsoon

The precipitation climatologies from observations and rean-
alysis are shown in Fig. 2 for austral summer (DJFM) during
1985–2014. In the austral summer, intensive precipitation
occurs in the SH monsoon regions (Fig. 2). The GPCC, CRU,
and UDEL data consistently show that the majority of precipi-
tation happens in the monsoon region with precipitation inten-
sity peak near 108S. Due to the high similarity of the three
datasets, it is reasonable to use their average as OBS (Fig. 2d).
As shown in Figs. 2e–h, the four reanalysis datasets all reason-
ably captured the spatial distribution of the monsoon precipita-
tion as in the OBS. In terms of the monsoon circulation, the
SAF monsoon circulation is characterized by the convergence
of northeasterly trade winds from the north Indian Ocean,
southwest winds from the Atlantic Ocean, and southeast winds
from the south Indian Ocean; the AUS monsoon is located in
the convergence zone of westerly wind from tropical Indian
Ocean and easterly wind from the South Pacific Ocean; the
SAM monsoon is in the region of the South Atlantic conver-
gence zone (Figs. 2e–h).

Figure 3 shows the spatial pattern of long-term trends of
austral summer (DJFM) precipitation from observation and

reanalysis data during 1901–2014, except for ERA-20C during
1901–2010, NCEP1 during 1948–2014, and JRA-55 during
1958–2014. The observational data, including GPCC, CRU,
and UDEL, have a similar pattern of precipitation trend over
the land monsoon region (figure not shown). Overall, the OBS
shows a wettening over the northeastern SAF and a drying over
the rest of the southern African continent (Fig. 3a). Over the
AUS region, the trend is dominated by increased precipitation.
Over the SAM, precipitation is strengthened over the northwest
of Brazil, Bolivia, Paraguay, and the northern part of Argentina,
and drying is over eastern Brazil (Fig. 3a). The trend pattern is
broadly consistent with that since the 1950s, as investigated by
Zhou et al. (2020a). Although the starting years of the linear
trends are different in the reanalysis datasets, all of them gener-
ally showed an increase in monsoon precipitation over AUS,
the majority of SAM, and parts of the southern African conti-
nent (Figs. 3b–d). The consistency is relatively low over the
SAF due to the different trend patterns in the different reanaly-
sis datasets (Alexander et al. 2020). The NOAA-20C and ERA-
20C both have a dipole pattern of precipitation over the
SAF continent, while the polarity is opposite. Although the
linear trends are calculated starting from 1948 to 1958 for
the NECP1 and JRA-55 datasets, respectively, they both
showed wettening over the northern SAF and drying over
the southern SAF (Figs. 3b–d). Interestingly, all reanalysis
datasets show an increase in precipitation over eastern
Brazil; it is not supported by the observation (Fig. 3). The
observed increase in precipitation is over the southern
SAM, while the consistency is relatively low among the re-
analysis datasets. It is also noted by Alexander et al. (2020)

FIG. 2. Climatology of austral summer (DJFM) precipitation (mm day21) and 850-hPa circulation (m s21) for the period of 1985–2014,
for (left) observation and (right) reanalysis: (a) GPCC, (b) CRU, (c) UDEL, (d) the average of (a)–(c) as OBS, (e) NOAA-20C,
(f) ERA-20C, (g) NCEP1, and (h) JRA-55. The red curves outline the SH monsoon region.
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that considerable uncertainty of tropical land precipitation
exists in reanalysis datasets.

In addition, the trends of tropical precipitation in reanalysis
data show consistent wettening over the equatorial Indian
Ocean and Maritime Continent and drying over the equato-
rial central Pacific Ocean (Figs. 3b–d). The linear trends of
850-hPa circulation convergence are consistent with the pre-
cipitation, showing one couplet of westerly wind over the
tropical Indian Ocean and easterly wind over the tropical cen-
tral and western Pacific Ocean and another couplet of west-
erly wind over the tropical eastern Pacific and easterly wind
over the tropical Atlantic Ocean (Figs. 3b–d). The winds con-
verge over the Maritime Continent and SAM and diverge
over the central Pacific Ocean. The anomalous circulation
could cause the change of boundary moisture advection and
convergence, leading to the anomalous tropical precipitation
pattern and monsoon precipitation.

To quantitatively assess the long-term change in the SH
monsoon, we averaged the precipitation over the SH land

monsoon region. This is a more convenient method to study
the monsoon precipitation change on a hemispheric scale, as
in many previous studies (Wang and Ding 2006; Zhang and
Zhou 2011). The time series of the precipitation from the whole
SH monsoon and each region, relative to their climatological
mean, for both observation and reanalysis, are shown in Fig. 4.
The evolution of precipitation anomalies from the OBS and rean-
alysis datasets all suggest wettening of SH monsoons (Figs. 4a,e).
The OBS has an increasing trend of 10.14 mm day21 century21

during 1901–2014, exceeding a 95% confidence level by the
Mann–Kendall test. Four reanalysis datasets all confirmed the long-
term wettening of SH monsoon, especially in the longer datasets
from the NOAA-20C and ERA-20C. The NOAA-20C and ERA-
20C have similar trends of10.73 and10.62 mm day21 century21,
respectively, although the magnitudes are both larger than the
observation. The relatively short length of reanalysis of NCEP1
and JRA-55 yields larger wetting trends from the 1950s to 2014.
The overestimation of precipitation trends in the reanalysis may
be caused by the shortage and lower reliability of the observa-
tions for data assimilation in the early part of the twentieth cen-
tury (Compo et al. 2011; Poli et al. 2016; Marshall 2003).

On regional scales, the linear trends of SAF, AUS, and
SAM precipitation are separately investigated (Fig. 4). In
the OBS, the monsoon precipitation increased over the
AUS and SAM, but the SAF monsoon has a drying trend
(Figs. 4b–d). The SAF precipitation has an insignificant trend
of 20.019 mm day21 century21. The increases in AUS and
SAM monsoon precipitation are 10.15 and 0.24 mm day21

century21, respectively. Both are statistically significant at a
99% confidence level. The NOAA-20C and ERA-20C data-
sets both reproduced the wettening of monsoons over the
AUS and SAM (Fig. 4), and NOAA-20C has significant posi-
tive trends (p , 0.01) over the AUS and SAM. Both reanaly-
sis datasets have an insignificant change in SAF precipitation.
The magnitudes of the positive trends are comparable in the
two reanalysis datasets over both AUS and SAM regions, al-
though both are overestimated compared to the OBS (Fig. 4).
The linear trends of regional monsoon precipitation have a
larger magnitude in the NCEP1 and JRA-55 than in the two
twentieth-century analysis datasets. In general, the reanalysis
data could reproduce the observed wetting trend of SH mon-
soons on hemispheric and regional scales (over AUS and
SAM) since 1901, although the magnitudes are overestimated.
In the two relatively longer-length reanalysis datasets, the sig-
nificance of wettening is more consistent with the OBS. In the
next section, we will only focus on the NOAA-20C reanalysis
to explore the physical mechanisms responsible for the wetten-
ing of SH monsoon. Compared to the ERA-20C, the NOAA-
20C is more reasonably assimilated the SH observations, and
it is the mean of 56-member ensemble simulations (Compo
et al. 2011).

b. Mechanisms responsible for the wettening of
SH monsoon

The moisture budget analysis facilitates understanding the
relative role of evaporation, atmospheric moistening, and
monsoon circulation convergence on precipitation change.

FIG. 3. Sen’s trends of precipitation (mm day21 century21) and
850-hPa circulation (m s21 century21) during austral summer (DJFM)
for observation and reanalysis, for (a) OBS (the average of GPCC,
CRU, and UDEL) during 1901–2014, (b) NOAA-20C during 1901–
2014, (c) ERA-20C during 1901–2010, (d) NCEP1 during 1949–2014,
and (e) JRA-55 during 1959–2014. The red curves outline the SH
monsoon region. Dots represent the trends of precipitation significant
at a 90% confidence level. Purple vectors represent the trends of circu-
lation significant at a 90% confidence level.
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The warming of Earth’s temperature increases the atmo-
spheric moisture capability; thus, it potentially enhances pre-
cipitation without a change in monsoon circulation. This is
typically termed the moisture effect (2hvpq′i), although it is
mainly due to uniform global warming and climatological cir-
culation (Wang et al. 2020). The heterogeneous global warm-
ing generates thermal contrasts on global and regional scales.
They alter the atmospheric circulation and its associated
moisture transport. This process is named the dynamic effect
in previous studies (Hsu et al. 2013; Zhang and Zhou 2011),

while it is termed the circulation term here (2hv′pqi). Based
on Eq. (3), the evolution and long-term trends of SH mon-
soon precipitation and its components, including evaporation,
moisture term, and circulation term, from NOAA-20C are
shown in Fig. 5. Evaporation has a small positive impact on
monsoon precipitation increase (Fig. 5a). The increase of at-
mospheric moisture associated with global warming enhances
the SH monsoon with a rate of 10.16 mm day21 century21,
while it is not the dominant contributor, only accounting for
;21% of the total increase (10.73 mm day21 century21). The

FIG. 4. Changes of SH monsoon precipitation anomalies and three regional monsoon precipitation (mm day21) from (left) observation
and (right) four reanalysis datasets for (a),(e) SH monsoon precipitation, (b),(f) SAF precipitation, (c),(g) AUS precipitation, and
(d),(h) SAM precipitation. The bars in (a) and solid curves in (b) indicate the 3-yr running-mean SH monsoon precipitation. The dashed
lines indicate linear trends. One and two asterisks (* and **) indicate the trend significant at 95% and 99% confidence levels, respectively.
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wettening of the SH monsoon is largely explained by the circula-
tion term, which is from the enhancement of monsoon circulation
(Fig. 5a). It has a trend of 10.38 mm day21 century21, account-
ing for;51% of the total increase (10.73 mm day21 century21).
Interestingly, the interannual to decadal variation of monsoon
precipitation is also highly correlated with the circulation term,
suggesting the importance of monsoon circulation on interannual
to decadal monsoon precipitation change. The correlation coeffi-
cient between the circulation term and SH monsoon precipita-
tion is 0.95 after removing the linear trend, significant at a 99%
confidence level (Fig. 5a). It suggests that the monsoon circula-
tion change is fundamental for interannual to centennial varia-
tion of monsoon precipitation over the SH.

Comparing the spatial pattern of the linear trends for precipi-
tation and circulation effect shows that the two patterns are sim-
ilar, and the magnitudes are comparable over the monsoon
region and the tropics (Figs. 5b,e). That means the circulation
change has a critical role in shaping the tropical precipitation
change on the centennial scale in NOAA-20C. The circulation

change causes an increase in moisture convergence over the
Indo-Pacific sector and SAM region and a decrease in moisture
over the central Pacific and eastern Atlantic (Fig. 5e). This zonal
quadrupole-like pattern may suggest the critical role of Walker
circulation change. The contribution from evaporation and
moisture effect is weaker than the circulation effect.

What has caused the increase in moisture and circulation ef-
fects during 1901–2014? The linear trend of SST shows the
warming of the global surface with some spatial features. It in-
creases the boundary layer moisture, especially over the mon-
soon regions (Fig. 6a). The moistening of the lower troposphere
contributed to the increase of the moisture term; thus, it has a
positive contribution to the increase of SH monsoon (Fig. 6a).
In terms of the spatial pattern of SST change, there is larger
warming over the Indo-Pacific region and the South Atlantic
Ocean and less warming over the eastern Pacific Ocean (Fig. 6a).
This SST pattern increases the sea level pressure over the less-
warmed eastern Pacific Ocean and lowers the sea level pressure
over the Maritime Continent. The surface pressure gradient
drives the circulation; thus, the response of lower-tropospheric
circulation is characterized by the easterly and westerly anomalies
on the climatological ascending branch of the Walker circulation
(Fig. 6). The midlevel ascending and descending is enhanced over
the tropical Indo-Pacific Ocean and tropical central Pacific
Ocean, respectively, suggesting a strengthening of Walker circula-
tion during the austral summer (Fig. 6d) (Wills et al. 2017). The
strengthening of zonal circulation enhances wind convergence
over the SAM (Fig. 6d). The change in vertical motion is coordi-
nated by the convergence over the lower troposphere and the
divergence over the upper troposphere. The changes in the 200-hPa
divergent winds show divergence centered over the eastern
Indian Ocean and South America. This ascent is responsible for
the increase of ascending motion, which leads to the increase of
precipitation over the SH monsoon region.

The enhancement of monsoon circulation could be quanti-
fied by the circulation index and the strength of SH subtropi-
cal highs (Fig. 7). Following previous studies, the Australian
monsoon circulation index is defined as the 850-hPa zonal
wind difference between 08–158S, 908–1308E and 208–308S,
1008–1408E; the SAM circulation index is the 850-hPa zonal
wind difference between 58–158S, 708–408W and 22.58–308S,
608–408W; and the SAF monsoon circulation index is the 700-hPa
zonal wind difference between 58–158S, 108–308E and 22.58–308S,
158–308E (Yim et al. 2014; Jin et al. 2020). Figure 7a shows the
evolution of the three regional monsoon circulation indices and
their average, which is defined as the SH monsoon circulation
index. A strengthening of the SH monsoon circulation index in-
dicates an enhancement of monsoon flow convergence, which
could result in the increase of monsoon precipitation dynami-
cally and vice versa. In NOAA-20C, the calculated SHmonsoon
circulation index shows a significant (p , 0.01) increase trend
during 1901–2014, consistent with the increase of circulation
effect.

The strengthening of the SH monsoon circulation is associ-
ated with the intensification of the SH subtropical highs. The
SH subtropical high index is defined as the 500-hPa geopoten-
tial height anomaly over the subtropical high region departure
from area-averaged geopotential height over 208–408S, 08–3608

FIG. 5. Moisture budget analysis for the SH monsoon precipitation
change for 1901–2014. (a) Moisture budget terms over the SH mon-
soon region (mm day21), and linear trends (mm day21 century21)
for (b) precipitation, (c) evaporation, (d) thermodynamic term, and
(e) circulation term. Dots represent the trends of precipitation signifi-
cant at a 90% confidence level.
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(He et al. 2015). The South Indian, Pacific, and Atlantic sub-
tropical highs are within the band of 208–408S with a longitudi-
nal extension of 508–1108E, 1608E–808W, and 408W–08,
respectively. This geopotential high index has significantly
increased from 1901 to 2014 (p , 0.01), suggesting the
strengthening of the SH subtropical high (Fig. 7b). It in-
creases the moisture redistribution from the tropical ocean
to the monsoon region, resulting in the wettening of SH

monsoon. The enhancement of SH subtropical high is par-
tially due to the relative cold SST over the central Pacific,
which initiates the descending Rossby wave over its south-
west (Fig. 6b). The lower troposphere anticyclonic circula-
tion response enhances the surface wind speed that, in turn,
cools the SST over the southeastern Pacific Ocean. Thus,
air–sea interaction could further amplify the anticyclonic
circulation through ocean upwelling (Seager et al. 2003) and
the wind–evaporation–SST feedback (Xie and Philander
1994), leading to the strengthening of the South Pacific sub-
tropical high. Li et al. (2013) suggested that the increase of
diabatic heating over the SH continents could strengthen
the SH subtropical highs in austral summer. The positive
feedback between the SH monsoon and subtropical highs
may also contribute to the enhancement of the SH subtropi-
cal high (Fig. 7b).

In sum, we found a long-term wettening of SH monsoon,
half of which is attributable to the enhancement of monsoon
circulation-related moisture convergence, and one-fifth of
which is traced back to the increase of atmospheric moisture
content. The circulation effect is rooted in the tropical zonal
SST gradient. Observation shows an enhancement of the SST
gradient between the Indo-Pacific and the eastern Pacific. It

FIG. 6. (a) Trends of SST (shading; K century21) and 850-hPa spe-
cific humidity (contours; g kg21 century21). (b) Trends of 500-hPa
vertical pressure velocity (shading, 100 3 omega; Pa s21 century21)
and 850-hPa circulation (vectors; m s21 century21). (c) Linear trends
of velocity potential (shading; 106 m2 s21 century21) and divergence
winds (vectors; m s21 century21). (d) Trends of vertical pressure
velocity (shading; hPa day21) and the Walker circulation (vectors)
averaged over 208S–08. The purple and green lines in (a) indicate
the positive and negative trends of 850-hPa specific humidity, re-
spectively, with the zero line plotting in black. Dots represent the
trends of precipitation significant at a 90% confidence level. Pur-
ple vectors represent the trends of circulation significant at a 90%
confidence level.

FIG. 7. (a) SH monsoon and three regional monsoon (SAF,
AUS, SAM) circulation indices. (b) Change in SH subtropical
highs index (gpm). The dashed lines indicate linear trends. SH
monsoon circulation index is the average of the three regional
monsoon indices.
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increases the sea level pressure gradient across the tropical
Pacific, driving the westerly from the Indian Ocean and the
easterly from the central Pacific, resulting in the enhanced
lower-troposphere moisture convergence. The increases in at-
mospheric instability promote the ascending motion and
upper-troposphere divergence over the Maritime Continent, gen-
erating the wettening of the Australian monsoon. The enhanced
zonal circulation further increases the lower-troposphere conver-
gence and midlevel ascending motion over South America and
eastern South Africa. With the help of strengthened SH subtropi-
cal highs, the atmospheric moisture is further transported to the
subtropical regions, leading to the increase of SH monsoon pre-
cipitation. Thus, the change in tropical SST gradient strengthens
the SHmonsoons.

c. CMIP6 historical simulations confirm the mechanism

Does this mechanism work in current state-of-the-art
climate models? We utilized the historical simulations from
40 CMIP6 models to verify the causality between the wetten-
ing of SH monsoon and SST gradient across the tropics. Fig-
ure 8 shows the time series of SH monsoon precipitation
anomaly in the CMIP6 multimodel mean, the four largest
wetting model mean, and the four largest drying model mean
for the period of 1851–2014. The multimodel mean has a posi-
tive trend of SH monsoon during 1851–2014, with 70% of the
models having an increasing trend. The multimodel mean has

an upward trend of10.034 mm day21 century21, which is much
smaller than the standard deviation (0.082 mm day21 century21)
of the 40 models’ linear trends. It degrades the reliability of
the wettening of SH monsoon from the multimodel mean.
To further explore what controls the wettening or drying of
SH monsoon in CMIP6 models, we selected the four models
with the largest positive trends as the wet group (IITM-
ESM, INM-CM4-8, KACE-1-0-G, MPI-ESM1-2-LR) and the
four models with the largest negative trends as the dry group
(GISS-E2-1-G, GISS-E2-1-H, MIROC6, SAM0-UNICON).
The wet group and dry group have linear trends of 10.15 and
20.12 mm day21 century21, respectively. The trend of the wet
group is comparable to the observed one (10.14 mm day21

century21) and smaller than that in the reanalysis datasets
(10.73 mm day21 century21 in NOAA-20C and 10.62 mm
day21 century21 in ERA-20C).

Why can some models successfully capture the wettening of
SH monsoon, but some models fail? Figure 9 compares the
difference in linear trends between the wet and dry groups.
This is used to confirm whether the physical processes ob-
tained from the observation work or not. All the observed
phenomena are well depicted in figures of the difference be-
tween wet and dry groups. Compared to the dry group, the
surface temperature pattern in the wet group shows a larger
warming over the Maritime Continent and equatorial western
Pacific and less warming over the eastern Pacific Ocean.

FIG. 8. Evolution of SH monsoon precipitation anomalies in 40 CMIP6 models relative to
1851–80. Thin lines show the 15-yr running mean of SH monsoon precipitation in the individual
model. The thick brown and green lines indicate the ensemble mean of four models with the
largest dry and wet linear trends during 1851–2014, respectively. The thick black line denotes the
multimodel ensemble mean.
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Correspondingly, the lower-troposphere circulation response
to the temperature pattern is characterized by the westerly
over the equatorial Indian Ocean and easterly over the equa-
torial Pacific Ocean (Fig. 9b). The precipitation pattern shows
the wetting over the majority of the Indo-Pacific region, as
well as the SH monsoon regions, and drying over the equato-
rial central Pacific (Fig. 9a). It suggests that the models that
simulate the SST contrast well between the Indo-Pacific and
eastern Pacific can reproduce the SH monsoon wettening
trend over the historical period, while models that fail to sim-
ulate the SST gradient do not reproduce the observed SH
monsoon precipitation change.

The increase in SH monsoon precipitation in the wet group
is largely driven by enhanced monsoon circulation, midlevel
ascending motion, and upper-troposphere divergence flow.
As shown in Fig. 9c, low-latitude westerly and extratropical
easterlies are both enhanced over the AUS, and an enhance-
ment of cross-equatorial flow and monsoon circulation is evi-
dent over the SAM. Therefore, the monsoon circulation
index would increase, meaning the strengthening of mon-
soonal moisture convergence. The change in midlevel velocity
shows the enhanced ascending motion over the Indo-Pacific,
SAM, and eastern SAF, while descending motion over the
eastern Pacific and tropical Atlantic. This vertical motion re-
sponse is consistent with the upper-level divergent winds. It
shows divergence centers over the SAF, AUS, and SAM re-
gions and convergence over the eastern Pacific and tropical
Atlantic, resulting in the enhancement of midtroposphere as-
cending motion and convection (Figs. 9c–e). A similar analy-
sis is also performed for 1901–2014; it yields similar results as
shown in Figs. 8 and 9 (figure not shown). Therefore, the re-
sponse of monsoon circulation benefits the wettening of SH
monsoon in the models with larger surface temperature con-
trast between the Indo-Pacific and eastern Pacific Oceans.
This is consistent with the processes identified in the NOAA-
20C.

The above analysis demonstrates the important role of
zonal SST gradient for SH monsoons. However, what drives
the observed and simulated zonal SST gradient changes dur-
ing 1901–2014 remains an open question. The zonal SST gra-
dient (Z_SST) is quantified by the SST difference between
the Indo-Pacific region (208S–108N, 908–1508E) and eastern
Pacific region (208S–108N, 1508–808W). Figure 10a shows that
the Z_SST index significantly increased during 1901–2014 in
the Hadley SST dataset. The SST gradient has a periodicity of
3–7 years (figure not shown), indicating the critical role of El
Niño–Southern Oscillation. There is no clear multidecadal os-
cillation of the zonal SST gradient, suggesting the observed
zonal SST gradient may be a part of centennial or longer time
scale variation from Earth system internal modes or external
forcing (Seager et al. 2019; Coats and Karnauskas 2017). The
ensemble mean of the 40 CMIP6 historical simulations sug-
gests a small change of zonal SST gradient with a larger inter-
model spread (20.021 6 0.11 K century21) during 1851–2014.
If the observed zonal SST gradient change is caused by an-
thropogenic forcing, one would expect a high consensus of
the simulated SST gradient change during the historical pe-
riod. Seager et al. (2019) demonstrated that the observed

FIG. 9. Difference in linear trends between the wet and dry models
during 1851–2014, for (a) for precipitation (mm day21 century21),
(b) surface temperature (shading; K century21) and 850-hPa circula-
tion (m s21 century21), (c) 500-hPa vertical pressure velocity
(shading; 100 3 omega; Pa s21 century21) and 850-hPa circulation
(m s21 century21), (d) velocity potential (shading; 105 m2 s21 century21)
and divergence winds (m s21 century21) at 200 hPa, and (e) vertical
pressure velocity (shading; hPa day21) and the difference in Walker cir-
culation (vectors) averaged over 208S–08.
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enhancement of zonal SST gradient comes from the increase
of greenhouse gases using a simplified ocean–atmosphere
coupled model. They pointed out that the failure in simulat-
ing this zonal SST gradient change is due to the cold tongue
SST bias in climate models. The centennial Z_SST trend is
possibly generated by the Earth system’s internal dynamics
(Coats and Karnauskas 2017). Figure 10b shows the evolution of
Z_SST index from the preindustrial simulation of the CESM2
model. With the permanent fixed external forcing, the CESM2
model can simulate apparent zonal SST gradient variation on
the centennial time scale. This SST gradient change is coherent
with the SH monsoon precipitation change, suggesting that the
Earth system’s internal mode may play a role in the observed
wettening of SH monsoons (Fig. 10b).

d. Critical role of monsoon ascending to Hadley cell
movement during the historical period

The causality between the swing of ITCZ/Hadley circulation
and the strength of SH monsoon is still in debate. We assess this
issue by examining the contribution of anomalous meridional
divergent circulation over the monsoon and non-monsoon re-
gions (Trenberth et al. 2000). Figure 11 shows the regional me-
ridional divergent circulation averaged over the SH monsoon
band and non-monsoon band, as well as the zonal mean Hadley
cell. The monsoon band is the sum of three monsoon regions
over 108–508E, 1108–1508E, and 808–408W, respectively. The
monsoon band only accounts for 1/3 of global longitude, and
the other 2/3 of the global longitude is the non-monsoon band.
The shading of Figs. 11a and 11d show the zonal mean

climatological vertical pressure velocity as an indication of Had-
ley cell. In both NOAA-20C and CMIP6 simulations, the as-
cending motion occupies the meridional band of 208S–108N,
and the descent resides on both sides of this ascending mo-
tion. The linear trend of zonal mean meridional circulation
shows the enhancement of vertical motion in 108–258S,
which covers the meridional extent of SH monsoons, sug-
gesting the southward movement and strengthening of the
climatological Hadley cell. This is consistent with the in-
crease in SH monsoon and southward movement of the
ITCZ. The difference in wet and dry models from CMIP6
historical simulations confirms the observed changes in the
Hadley cell (Fig. 11d).

What is the source of this southward movement and
strengthening of Hadley cell during 1901–2014? The regional
meridional circulation over the monsoon and non-monsoon
bands demonstrated distinct changes (Figs. 11b,c). The south-
ward movement and strengthening of regional meridional circu-
lation can only be observed over the monsoon band (Fig. 11b).
In contrast, the non-monsoon band is occupied by the anoma-
lous descending motion, especially over 08–208S (Fig. 11c).
Without the contribution from the monsoon band, the zonal
Hadley circulation would be weakened, instead of strengthening
in the observation (Fig. 11a). Therefore, the ascending motion
over the monsoon band is vital for enhancing the zonal mean
Hadley circulation during austral summer (Trenberth et al.
2000). This phenomenon is clearly shown in both reanalysis and
model simulations, suggesting that it may be a robust process.
From this perspective, the change in zonal mean Hadley cell is

FIG. 10. (a) Observed zonal SST gradient (Indo-Pacific region minus eastern Pacific region) in-
dex relative to the average of 1901–2014. (b) Standardized zonal SST gradient index and SH
monsoon precipitation index after the 79-yr running mean in CESM preindustrial simulation.
Two asterisks (**) indicate significance at a 99% confidence level.

C AO E T AL . 850715 DECEMBER 2023

Unauthenticated | Downloaded 12/08/23 08:21 AM UTC



dominated by the regional meridional circulation over the
monsoon region. The usage of changes in the Hadley cell to
explain the monsoon precipitation should be taken with caution
(Trenberth et al. 2000; Wang et al. 2014, 2017; Wang et al. 2021).

4. Conclusions

Paleo-proxy data and simulations suggest that the changes
in SH monsoons are not always coherent with the NH coun-
terpart (Wang et al. 2006; Cheng et al. 2012; Liu et al. 2009;
Cao et al. 2022). The consensus of future projected changes in

NH monsoons is relatively high, while the changes in SH
monsoons are insignificant and highly uncertain (Wang et al.
2020; Chen et al. 2020; D’Agostino et al. 2019, 2020). Con-
straining the future projection of the SH monsoon requires a
deep understanding of the physical processes and mechanisms
during the instrumental period. Unlike the decline in NH
monsoon in the past century (1901–2014) (Cao et al. 2022),
we revealed a significant increase in SH monsoon precipita-
tion in observations during 1901–2014. Both twentieth-
century reanalysis data from NOAA and ECMWF confirmed
the significant long-term wettening of SH monsoon from 1901

FIG. 11. Austral summer (DJFM) climatology vertical pressure velocity (shading; hPa day21) and linear trends of
meridional divergence circulation (vectors) from (left) NOAA-20C reanalysis during 1901–2014 and (right) difference
in wet and dry CMIP6 models during 1851–2014. (a) Zonal averaged Hadley circulation. (b) As in (a), but for the
monsoon region (108–508E, 1108–1508E, and 808–408W). (c) As in (a), but for the non-monsoon region. (d)–(f) As in
(a)–(c), but for the difference between wet and dry models. Vector is the composite of 100 times vertical velocity
change (Pa s21 century21) with meridional wind trend (m s21 century21). The purple boxes indicate the meridional
extent of the SH monsoon region.
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to 2014. This wettening is more evident over the Australian and
South American monsoon regions in both observation and re-
analysis. A moisture budget analysis is used to disentangle the
processes responsible for it. The results from NOAA-20C sug-
gest that the enhancement of monsoon circulation explains half
of the wettening in SH monsoon, while only one-fifth is attribut-
able to atmospheric moistening. The warming of the global sur-
face enhances the lower-troposphere moisture, which explains
the increase of the moisture effect. The circulation effect is
attributed to the enhanced lower-troposphere monsoonal
convergence. The circulation effect also largely explains the
interannual to decadal-scale change of the SH monsoon.

The change in SH monsoon circulation is related to the
east–west SST gradient across the tropics. This is distinct from
the vital role of the north–south thermal contrast on NHmon-
soon circulation (e.g., Liu et al. 2012). During the austral sum-
mer, the trend in SST is characterized by greater warming
over the Indo-Pacific and less warming/cooling over the east-
ern Pacific (Seager et al. 2019). This surface temperature gradi-
ent drives the lower-troposphere circulation change, resulting in
the westerly anomaly over the Indo-Pacific region and easterly
anomaly over the equatorial Pacific Ocean. It enhances the cli-
matological Walker circulation, showing anomalous ascending
motion over the Maritime Continent and descending motion
over the central Pacific. The change in tropical zonal circulation
further enhances the ascending motion over South America.
Therefore, the SH monsoon region is dominated by anomalous
moisture convergence and convection, leading to an increase in
SH monsoon precipitation. This physical process is well de-
picted in the wet group model of CMIP6 historical simulations,
which shows the wettening of SH monsoon. The models that
failed to simulate this zonal SST gradient suggest the drying of
SH monsoon. Further analysis found that the wet models simu-
lated greater warming over the Indo-Pacific and less warming
over the eastern Pacific, westerly anomalies and easterly anoma-
lies straddling the Maritime Continent, and an increase in mois-
ture convergence over SAF, AUS, and SAM. Therefore, a
successful simulation of this zonal SST gradient is fundamental
to reproducing the observed wettening of SH monsoon during
the historical period. This physical process could be used to con-
strain the future projected SH monsoon (Cao et al. 2020; Chen
et al. 2020). As the globe warms, the thermodynamic effect in-
creases the monsoon precipitation, while the projected El Niño–
like warming (Collins et al. 2011) results in a weakened circula-
tion effect. The canceling of the thermodynamic and circulation
effect may yield an insignificant change in SH monsoon precipi-
tation. Thus, a better simulation of the tropical SST gradient
change may lead to an accurate projection of future SH
monsoons.

Another finding is that the SH monsoonal convergence is
vital for the observed change in the austral summer Hadley
cell (Fig. 11). This is different from many prior studies, which
often use the zonal mean Hadley circulation to explain the
SH monsoon changes (e.g., Wang et al. 2006; Cheng et al.
2012). We found that the changes in meridional circulation
over the monsoon region dominate the enhancement and
poleward movement of the austral summer Hadley cell in the
NOAA-20C reanalysis and CMIP6 simulations. The non-

monsoonal meridional circulation tends to mitigate this
change. In this perspective, the strengthening of monsoon cir-
culation may cause the movement of Hadley cell and ITCZ
(Trenberth et al. 2000).
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