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ABSTRACT: Observations show a significant increase in Australian summer monsoon (AUSM) rainfall since the
mid-twentieth century. Yet the drivers of this trend, including the role of anthropogenic aerosols, remain uncertain. We ad-
dressed this knowledge gap using historical simulations from a suite of Coupled Model Intercomparison Project phase 6
(CMIP6) models, the CESM2 Large Ensemble, and idealized single-forcing simulations from the Precipitation Driver
Response Model Intercomparison Project (PDRMIP). Our results suggest that Asian anthropogenic aerosol emissions
played a key role in the observed increase in AUSM rainfall from 1930 to 2014, alongside the influence of internal variabil-
ity. Sulfate aerosol emissions over Asia led to regional surface cooling and strengthening of the climatological Siberian
high over eastern China, which altered the meridional temperature and sea level pressure gradients across the Indian
Ocean. This caused an intensification and southward shift of the Australian monsoonal westerlies (and the local Hadley
cell) and resulted in a precipitation increase over northern Australia. Conversely, the influence of increased greenhouse
gas concentrations on AUSM rainfall was minimal due to the compensation between thermodynamically induced wetten-
ing and transient eddy-induced drying trends. At a larger scale, aerosol and greenhouse gas forcing played a key role in the
climate response over the Indo-Pacific sector and eastern equatorial Pacific, respectively (coined the “tropical Pacific east–
west divide”). These findings contribute to an improved understanding of the drivers of the multidecadal trend in AUSM
rainfall and highlight the need to reduce uncertainties in future projections under different aerosol emission trajectories,
which is particularly important for northern Australia’s agriculture.

SIGNIFICANCE STATEMENT: Australian summer monsoon (AUSM) rainfall plays a vital role in sustaining north-
ern Australia’s unique biodiversity and extensive agricultural industry. While observations show a significant increase
in AUSM rainfall since the mid-twentieth century, the causes remain uncertain. We find that anthropogenic aerosol
emissions from Asia played a key role in driving this multidecadal AUSM rainfall trend by inducing dynamic adjust-
ments over the Indo-Pacific sector. These findings highlight the need to consider different aerosol emission trajectories
when assessing future projections of AUSM rainfall.

KEYWORDS: Atmospheric circulation; Australia; Monsoons; Precipitation; Anthropogenic effects/forcing;
Aerosols/particulates

1. Introduction

Australian precipitation varies strongly in both space and
time, with around 80% of the total annual rainfall over tropi-
cal northern Australia (NA; Australian land region north of

208S) occurring as part of the Australian summer monsoon
(AUSM) (Nicholls et al. 1997; Gutiérrez et al. 2021a). The
AUSM arises from the southward movement of the intertropical
convergence zone (ITCZ) and shift of the Hadley circulation
during austral summer (Gadgil 2018). The AUSM typically on-
sets in December (Lisonbee et al. 2019), with the reversal of
lower-tropospheric winds from easterly to westerly, and with-
draws in early March (Drosdowsky 1996; Suppiah 1992). It is vi-
tal for sustaining NA’s unique biodiversity (Bowman 2002) and
extensive agricultural industries (Suppiah 1992; McKeon et al.
2021).

A significant increase in AUSM rainfall, particularly over
northwest Australia (NWA; land area bounded by 108–208S,
1108–1358E), and an associated strengthening of the mon-
soonal flow have been observed since the mid-twentieth cen-
tury (Taschetto and England 2009; Dey et al. 2019; Dai 2021).

Denotes content that is immediately available upon publica-
tion as open access.

Supplemental information related to this paper is available
at the Journals Online website: https://doi.org/10.1175/JCLI-D-23-
0313.s1.

Corresponding author: Nora L. S. Fahrenbach, nora.fahrenbach@
env.ethz.ch; n.l.s.fahrenbach@sms.ed.ac.uk

DOI: 10.1175/JCLI-D-23-0313.1
Ó 2024 American Meteorological Society. This published article is licensed under the
terms of a Creative Commons Attribution 4.0 International (CC BY 4.0) License .

F AHREN BACH E T A L . 8951 FEBRUARY 2024

Unauthenticated | Downloaded 06/13/24 10:45 AM UTC

https://orcid.org/0000-0002-1688-8425
https://orcid.org/0000-0002-1688-8425
https://doi.org/10.1175/JCLI-D-23-0313.s1
https://doi.org/10.1175/JCLI-D-23-0313.s1
mailto:nora.fahrenbach@env.ethz.ch
mailto:nora.fahrenbach@env.ethz.ch
mailto:n.l.s.fahrenbach@sms.ed.ac.uk
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


This long-term trend was found to be highly unusual in the
multicentury context of paleoclimate reconstructions (Freund
et al. 2017). However, its driving mechanisms remain unclear
(Dey et al. 2019; Heidemann et al. 2022), hindered partly by
the significant influence of climate variability (e.g., Power et al.
1999).

Previous studies reported a detectable anthropogenic signal
in the NWA precipitation increase (Frederiksen and Grainger
2015; Knutson and Zeng 2018). The greenhouse gas (GHG)-
induced warming of the tropical Atlantic Ocean has been pro-
posed to contribute by generating an eastward traveling
Rossby wave train leading to subsequent upper-tropospheric
divergence over NWA (Lin and Li 2012). Another potential
mechanism is related to the GHG-induced expansion of the
Indo-Pacific warm pool which leads to an increased duration
of the Madden–Julian oscillation (MJO) active phases over
the Maritime Continent by 5–6 days since the 1980s, resulting in
wetter anomalies across the region (Roxy et al. 2019; Borowiak
et al. 2023). In contrast, Cao et al. (2023) attributed theAustralian
monsoon precipitation to changes in the Southern Hemisphere
(SH)monsoon circulation, primarily linked to the sea surface tem-
perature (SST) gradient between the eastern Pacific and Indo-
PacificOcean.

Anthropogenic aerosols have also been proposed as a poten-
tial driver for the NWA rainfall increase (Rotstayn et al. 2007,
2012; Dey et al. 2019). Aerosols can perturb Earth’s radiation
budget directly by reflecting or absorbing incoming solar radia-
tion (aerosol–radiation interactions; e.g., Szopa et al. 2021) and in-
directly by modifying cloud properties and precipitation (aerosol–
cloud interactions; Twomey 1977; Albrecht 1989). These different
aerosol effects can further induce circulation adjustments, both
locally and remotely to the aerosol emission region, resulting in
complex impacts on temperature profiles and precipitation pat-
terns (e.g., Ming and Ramaswamy 2009; Lewinschal et al. 2013;
Wilcox et al. 2019). Aerosols have been previously found to play
a key role in driving the decrease in Sahel rainfall (e.g., Biasutti
and Giannini 2006) and changes in regional (e.g., Wang et al.
2009; Bollasina et al. 2011; Westervelt et al. 2020) and global mon-
soons (e.g., Shonk et al. 2020) as well as the tropical rain belt (e.g.,
Allen et al. 2014). Over the Northern Hemisphere (NH), anthro-
pogenic aerosols have exerted a suppressing effect on monsoon
precipitation from 1901 to 2014, which has been attributed to a
decrease in surface evaporation as well as weakening of the mon-
soon circulation, closely linked to a reduced interhemispheric
temperature gradient (Cao et al. 2022a). Yet, the complexity of
aerosol–climate interactions contributes significantly to the uncer-
tainty in estimates of the present-day radiative forcing (Szopa et al.
2021).

Rotstayn et al. (2007, 2012) used the ocean–atmosphere cli-
mate models CSIRO-Mk3 and CSIRO-Mk3.6, respectively,
to investigate the role of anthropogenic aerosols and GHGs
on the NWA wettening since the 1950s. They found this trend
to be reproducible only when including anthropogenic aerosol
forcing, primarily due to the Asian aerosol haze, which al-
tered the meridional temperature and pressure gradients
across the Indian Ocean and strengthened the monsoonal
flow toward NWA. These aerosol-induced changes may have
masked the GHG-related effects on rainfall and circulation

over the Indo-Pacific sector, although the underlying physical
mechanism remained uncertain (Rotstayn et al. 2007, 2012).
However, some caveats of the studies were the simplified
treatment of aerosol processes, the lack of model agreement
with observations over other parts of Australia than NWA,
and the model’s inability to correctly simulate interdecadal
and longer variability in Australian rainfall (Rotstayn et al.
2007, 2012). Shi et al. (2008) showed that the NWA rainfall in-
crease in the low-resolution CSIRO-Mk3 resulted from the
model’s unrealistic westward extension of the Pacific SST cold
tongue, with large warming in the eastern Indian Ocean driv-
ing a positive NWA rainfall anomaly. Cai et al. (2011) found
that none of the multimodel ensemble averages across 24 mod-
els from phase 3 of the Coupled Model Intercomparison Project
(CMIP3) could reproduce the observed wetting over NWA.
These models either included both the direct and indirect aero-
sol effect or only the direct aerosol effect, suggesting that aero-
sol forcing played a negligible role in this wettening trend. In
contrast, Dey et al. (2019) found that aerosol-only simulations
across a suite of CMIP5 models better captured the observed
trends than GHG- and natural forcing-only simulations, provid-
ing evidence to support the link between NWA rainfall and
aerosol increases. However, reservations regarding these con-
clusions stem from differences between the simulated and ob-
served magnitude and pattern of precipitation trends over
Australia (Dey et al. 2019) as well as a missing investigation of
the influence of model biases (like the cold tongue bias) on the
simulated precipitation pattern.

To date, the cause of the long-term increase in AUSM rain-
fall, including the role of anthropogenic aerosols, remains un-
certain (Heidemann et al. 2023). We tackle this knowledge
gap using a suite of CMIP6 models, large-ensemble simula-
tions, and idealized GHG and aerosol simulations to 1) quan-
tify the contribution of anthropogenic forcing against the
background of internal variability, 2) identify the geographi-
cal location of the dominant aerosol source region influencing
the NA precipitation trend, and 3) provide an improved under-
standing of the underpinning physical mechanism. Answering
these questions will advance our fundamental understanding of
long-term changes in the Australian hydrological cycle and pro-
vide a framework to more robustly constrain and reduce cur-
rently large uncertainties in future projections of AUSM rainfall
(Brown et al. 2016; Narsey et al. 2020).

2. Data and methods

a. Observations and reanalysis data

We use monthly gridded land precipitation data from the
Global Precipitation Climatology Centre (GPCC v2022; Schneider
et al. 2022) at a 0.583 0.58 horizontal resolution to investigate mul-
tidecadal precipitation variations over tropical NA (Australian
land region north of 208S; box in Fig. 1c). Note that we are using
“NA” when referring to the Australian region and “AUSM”

when discussing the seasonality or timing of the rainfall. Our anal-
ysis focuses on the austral summer [December–February (DJF)]
trend from 1930 to 2014, which is statistically significant at the
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90% level using a two-tailed Student’s t test (Fig. 1). This pe-
riod is chosen to focus on multidecadal historical trends in
AUSM rainfall and thus allows us to identify anthropogenic
forcing signals beyond the influence of internal variability. A
sensitivity analysis to the length of the period shows results
to be robust (see discussion in section 3a). A comparison
between GPCC and other gauge-only datasets from the Cli-
mate Research Unit (CRU TS v4; Harris et al. 2020) and the
Australian Bureau of Meteorology (AWAP; Jones et al. 2009)
shows high spatial and temporal agreement over Australia from
1930 to 2014 (Fig. S1 in the online supplemental material), al-
though this can be partly explained by the use of AWAP data to
derive GPCC and CRU datasets (Harris et al. 2020; Schneider
et al. 2022).

To identify observed changes in near-surface climate associ-
ated with the AUSM rainfall trend, we use monthly SST data
at a 18 resolution from the Hadley Centre Global Sea Ice and
Sea Surface Temperature dataset (HadISST v1.1; Hadley
Centre for Climate Prediction and Research 2007) as well as
monthly near-surface temperature, mean sea level pressure,
and wind data at a 18 resolution from the NOAA–CIRES–
DOE Twentieth Century Reanalysis Project (20CRv3; Slivinski
et al. 2019).

b. Historical and preindustrial CMIP6 simulations

We examine the role of anthropogenic forcing on the
AUSM rainfall trend using output from 11 state-of-the-art
CMIP6 models with 3–10 ensemble members each (Table 1).
These models were selected based on the availability of his-
torical all-forcing (hereafter hist-All), GHG-only (hereafter
hist-GHG), and anthropogenic aerosol-only (hereafter hist-
AER) simulations in order to keep consistency across the var-
ious multimodel ensemble means (MEMs). The MEMs were
calculated by computing the ensemble mean for each model
first and then averaging these after interpolating each model
data to a common 2.58 3 28 grid. This use of MEMs reduces
uncertainties related to internal climate variability and provides
a more robust estimate of the forced climate response. The
MEM captures the observed climatological precipitation pat-
tern in DJF over Australia well, although it underestimates pre-
cipitation along the northern and eastern coastlines (Fig. S2).

To assess whether the 1930–2014 rainfall trend over NA
lies outside the bounds of internal climate variability, we ana-
lyze the corresponding preindustrial control runs (Eyring et al.
2016) with at least 500 simulated years for each model. We
construct probability density functions (PDFs) from 85-yr
running mean trends for each model using kernel density

FIG. 1. (a) Observed DJF precipitation trends over northern Australia (box in Fig. 1c) as a function of the start and
end years in the twentieth century, based on GPCC observational data. All trends with a minimum length of 10 years
are shown. The orange diamond marks the 1930–2014 trend analyzed in this study. Significance at the 90% confidence
level according to a Student’s t test is shown by white contours. (b) Unsmoothed (gray) and 11-yr running mean
(blue) time series of area-averaged DJF precipitation over northern Australia. The orange line shows the least squares
linear trend between 1930–2014. (c) Spatial distribution of least squares linear trend of observed DJF precipitation
over the period 1930–2014. The black box shows the northern Australia region (108–208S, 1208–1508E; land only).
Stippling indicates significance at the 90% confidence level. (d) Kernel probability density distribution of 85-yr-long
DJF precipitation trends over northern Australia as determined using the preindustrial control simulations from
11 CMIP6 models. The dashed line shows the observed 1930–2014 trend analyzed in this study.
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estimates and compare these distributions to the observed
precipitation trend.

We further utilize Large Ensemble simulations from the
Community Earth System Model version 2 (CESM2 Large
Ensemble; Rodgers et al. 2021) to separate the influence of in-
ternal variability and anthropogenic forcing on the wettening
trend over NA. A detailed description of the model configuration
and simulations is given in section 3 of the online supplemental
material.

c. Moisture budget decomposition

To examine the physical mechanism driving the AUSM
rainfall trend, we analyze trends in the components of the
moisture budget for the historical all- and single-forcing
CMIP6 simulations using a simplified method adapted from
Seager et al. (2010). The moisture budget equation is given by

D(P 2 E) ’ DTH 1 DMCD 1 DTE, (1)

where values of precipitation P and evaporation E can be ob-
tained directly from the model output. The thermodynamic
term DTH involves precipitation changes arising only from
changes in the specific humidity, the dynamic term DMCD in-
volves precipitation changes arising only from changes in the
mean atmospheric circulation, and the transient eddy term
DTE involves precipitation changes from covarying changes
in humidity and mean circulation. The terms DTH and
DMCD can be evaluated using

DTH 52
1

rwg

�ps

pTOA

= ? [uc(Dq)]dp; and (2)

DMCD 52
1

rwg

�ps

pTOA

= ? [(Du)qc]dp, (3)

where rw is the density of water, g is the gravitational acceler-
ation, ps is the pressure at the surface, pTOA is the pressure at
the top of the atmosphere, u is the horizontal wind vector,
and q is the specific humidity. The DJF 1930–2014 trends of
the quantities are denoted by D and the subscript c indicates
climatological mean values between 1920 and 1940 (note that
choosing 1930–2014 as the climatological reference period or

using period differences gives nearly identical results). For the
all- and single-forcing historical simulations, we calculate the
terms D(P 2 E), DTH, and DMCD for each model and ap-
proximate DTE as the residual from Eq. (1) [as done by, e.g.,
Chung et al. (2014)] as no daily data are available for all mod-
els for a direct evaluation. The MEM is then calculated by in-
terpolating to a common 2.58 3 28 grid and averaging across
the 10 models (note that CESM2 did not provide all the rele-
vant data).

d. PDRMIP simulations

Simulations from PDRMIP (Precipitation Driver Response
Model Intercomparison Project; Myhre et al. 2017b) are used
to corroborate the analysis of the historical CMIP6 simula-
tions regarding the influence of anthropogenic forcing and, in
particular, to identify the dominant aerosol species and source
region influencing NA precipitation. We focus on the experi-
ments driven by a global doubling of the CO2 concentrations
(hereafter CO23 2) relative to the year 2000, a fivefold
increase in sulfate concentrations or emissions (hereafter
SUL35) and a tenfold increase in black carbon concentra-
tions or emissions (hereafter BC310) as well as a tenfold
increase in sulfate concentrations or emissions over Asia
(108–508N, 608–1408E; hereafter SUL310Asia), a tenfold in-
crease in sulfate concentration or emissions over Europe
(358–708N, 108–408E; hereafter SUL310Eur), and a tenfold
increase in black carbon concentration or emissions over Asia
(hereafter BC310Asia) relative to the year 2000 baseline.
The simulated step perturbation and equilibrium response dif-
fers from real-world transient adjustments but allows a clearer
emergence of the signal from internal variability for suffi-
ciently large forcing. We remapped the output to a common
2.58 3 2.58 grid and focused on the multimodel means across
nine and six CMIP5-generation models from PDRMIP that
performed the global and regional perturbation simulations,
respectively (Table S2).

For the perturbation and baseline experiments, the models
were run for 15 years with fixed SST and for 100 years with
slab or fully coupled ocean simulations. We use the former
simulations to diagnose fast precipitation responses (DPfast),
which refer to rapid climate adjustments scaling with changes

TABLE 1. List of the CMIP6 models used in this study that performed the required hist-All, hist-GHG, and hist-AER simulations.
The number of ensemble members, horizontal resolution, aerosol forcing, and, where applicable, the aerosol component are given
(Gutiérrez et al. 2021b).

Model name Ensembles Horizontal resolution Aerosol forcing and component

ACCESS-CM2 3 1.98 3 1.38 Interactive, UKCA-GLOMAP
ACCESS-ESM-1-5 3 1.98 3 1.38 Interactive, CLASSIC (v1.0)
BCC-CSM2-MR 3 1.18 3 1.18 Prescribed from MACv2-SP
CESM2 3 1.38 3 0.98 Interactive, MAM4
CNRM-CM6-1 10 1.48 3 1.48 Prescribed from TACTIC_v2
GISS-E2-1-G 10 2.58 3 2.08 Prescribed from NINT
HadGEM3-GC31-LL 5 1.98 3 1.38 Interactive, U.K.-GLOMAP
IPSL-CM6A-LR 10 2.58 3 1.38 Prescribed from INCA
MIROC6 10 1.48 3 1.48 Interactive, SPRINTARS
MRI-ESM2-0 5 1.18 3 1.18 Interactive, MASINGAR mk-2r4c
NorESM2-LM 3 2.58 3 1.98 Interactive, OsloAero6
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in atmospheric absorption (e.g., Myhre et al. 2013). We use the
coupled simulations to analyze the total precipitation response
(DPtotal) due to both fast and slow (i.e., climate response scaling
with changes in oceanic temperature) adjustments. The slow re-
sponse (DPslow) can then be computed as

DPslow 5 DPtotal 2 DPfast, (4)

assuming that the total response is given by a linear combina-
tion of the fast and slow response (Samset et al. 2016; Liu et al.
2019). Our analysis focuses on years 3–15 of the fixed SST
simulations and years 51–100 of the coupled simulations. All
responses are given as the difference between the perturba-
tion and control simulations.

3. Results

a. Observed trend and variability of AUSM rainfall

Figure 1a shows the observed austral summer (DJF) rain-
fall trend over NA as a function of the start and end years
during the twentieth century. A significant influence of inter-
nal variability is evident as shown by the frequent shifts be-
tween drying and wettening periods on decadal and longer
time scales. However, a distinct multidecadal to centennial
wettening trend is clearly identifiable. This sign of this trend is
independent of the choice of the start year and robust with
variations of the end year after the 1980s, being statistically
significant at the 90% level for end years between 2005 and
2014. Our study focused on the 1930–2014 precipitation trend
over NA to examine long-term changes driven by the AUSM
(Figs. 1b,c). Note that this trend clearly stands out as one of
the largest within the tropics and subtropics (Fig. 1c).

To further analyze the trend in the context of multidecadal
variability, we constructed frequency distributions of the 85-yr
running trends for the CMIP6 model output (Fig. 1d). Despite
intermodel differences in the shape and maximum values of
the individual curves, the observed 1930–2014 trend lies at the
upper tail (i.e., above the 95th percentile) of the preindustrial
control distributions of all models. The trend even lies above

the 99th percentile and outside the PDFs for five and two (i.e.,
CNRM-CM6-1 and GISS-E2-1-G) of those models, respec-
tively. This indicates that the trend is unlikely due to internal
variability alone but predominantly externally forced.

The increasing AUSM precipitation trend is associated
with distinct large-scale features in temperature, mean sea
level pressure and circulation. In particular, the near-surface
and SST temperatures (after subtracting the tropical mean
trend between 258N–258S) show a significant widespread cooling
in the central-eastern tropical Pacific, a tropical Indian Ocean
warming, and statistically significant cooling over eastern Asia
compared to the tropical mean temperatures (Fig. 2a). A trend
toward higher mean sea level pressure over China and a meridio-
nal gradient across the Indian Ocean are evident (Fig. 2b).
The observed trend in 850-hPa wind shows strengthened and
southward-shifted monsoonal westerly flow over the Indian
Ocean, channeled toward NWA by a low pressure trend off the
coast of Western Australia (Fig. 2b). These moisture-laden winds
result in the observed precipitation increase over NA (Fig. 1c).

b. Simulation and attribution of AUSM rainfall increase

1) HISTORICAL TRENDS IN CMIP6 SIMULATIONS

The hist-All MEM captures the wettening trend over NA
and the rest of the continent well (Figs. 1c and 3a), albeit with
a weaker magnitude (MEM value of 12 mm yr21 decade21) com-
pared to observations (mean value of 55.7 mm yr21 decade21).
Over the central and eastern equatorial Pacific, the hist-All en-
semble shows increased precipitation over the ITCZ core region
(Fig. 3a and 4b). A large part of this D(P2 E) pattern can be at-
tributed to changes in the mean circulation dynamics DMCD
(Figs. 5a,c), such as the anomalous low-level convergence
(Fig. 3e) and associated midtropospheric ascent (Fig. 3d),
which leads to the wettening trend over the ITCZ core (Figs. 3a
and 4b). Together with the pattern of anomalous subsidence over
the Maritime Continent (Fig. 3d) and the lower-tropospheric
velocity potential zonal dipole (Fig. 3e), this circulation pattern
opposes the climatological flow and suggests a weakening of the
Indo-Pacific Walker circulation with ensuing El Niño–like

FIG. 2. Spatial distribution in trends over 1930–2014 for DJF (a) near-surface temperature
from the Twentieth Century Reanalysis Project over land (Slivinski et al. 2019) and SSTs from
HadISST (Hadley Centre for Climate Prediction and Research 2007) after removing the tropical
mean trend (258N–258S) and (b) mean sea level pressure (colors) with 850-hPa winds (vectors)
from the Twentieth Century Reanalysis Project (Slivinski et al. 2019). Stippling in (a) shows
significance at the 90% level using the two-tailed Student’s t test.
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anomalies (Fig. 3b). Over the Indo-Pacific region, an equatorial
drying and wettening to the south of it indicate a southward pre-
cipitation shift (Fig. 4a) which is dynamically caused (Fig. 5c).
The moisture budget analysis reveals that the D(P 2 E) changes
over NA are related to a thermodynamically and dynamically
induced wettening partially compensated by a transient eddy-
induced drying (Fig. 5e). The dynamic contribution is related to a
relative surface cooling over India and eastern China (Fig. 3b),
which leads to a strengthening of the Siberian high over this re-
gion (as also seen in reanalysis in Fig. 2b) and, in turn, a south-
ward shift and strengthening of the monsoonal westerlies over
the Indian Ocean (Fig. 3c). The anomalous cyclone off its west
coast further channels this flow toward Australia, similar to the
observed pattern (Fig. 2b).

The hist-GHG MEM displays positive precipitation and
850-hPa vertical velocity trends over the equatorial central-eastern
Pacific Ocean similar to those in hist-All (Figs. 3a,d,f,i). In
particular, an equatorward intensification and meridional nar-
rowing of the ITCZ is evident (Figs. 3f and 4b). The large

DMCD term over the equatorial Pacific (Fig. 5) indicates that the
ITCZ change is related to a weakening of the Indo-Pacific
Walker cell (Fig. 3i) and associated El Niño–like SST pattern
(Fig. 3g). However, the equatorial wettening extends farther
westward across the Maritime Continent and the Indian Ocean
(Fig. 3f), which appears inconsistent with the pattern of near-
surface divergent flow (Fig. 3j) and 500-hPa vertical velocity
(Fig. 3i). In fact, given the approximate balance in the tropics be-
tween diabatic heating and vertical velocity anomalies, onewould
expect excess precipitation to be distinctively associated with
lower-tropospheric convergence and divergent outflow aloft. The
mismatch evident from Fig. 3j and the large DTH contribution to
D(P 2 E) (Figs. 5g,h) indicates a thermodynamic origin of the
wettening over the Maritime Continent. This follows from a
GHG-induced increase in temperature and the associated moist-
ening, which causes an intensification of the existing patterns of
moisture convergence and divergence (the “wet-gets-wetter, dry-
gets-drier” paradigm; Held and Soden 2006), despite a weaken-
ing of the atmospheric circulation (Held and Soden 2006; Seager

FIG. 3. Spatial distribution of trends over 1930–2014 for DJF (a),(f),(k) precipitation, (b),(g),(l) near-surface temperature after removing
the tropical mean trend (258N–258S), (c),(h),(m) mean sea level pressure (colors) with 850-hPa winds (vectors), (d),(i),(n) omega at
500 hPa (colors; positive values indicate descent), and (e),(j),(o) velocity potential (colors) with divergent wind (arrows) at 850 hPa for the
(left) hist-All, (center) hist-GHG, and (right) hist-AER simulations. All trends are based on the MEM across 11 CMIP6 models. Stippling
indicates regions where at least 70% of the models agree on the sign of change. In (d), (i), and (n), climatological values are shown as
black contours (drawn every 30 hPa day21) with solid (dashed) contours indicating positive (negative) values.
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and Naik 2012). In the meridional direction, the Hadley over-
turning circulation over the Indo-Pacific region expands pole-
ward and weakens (Fig. 3i) as seen by drying centered around
358S in the DMCD term (Fig. 5h), consistent with the expected
response under global warming (Xian et al. 2021). The trends
in the monsoonal flow and precipitation (MEM value of
5.2 mm yr21 decade21) over NA are weak and not consistent
across models (Figs. 3f,h), related largely to a compensation of
the thermodynamic-induced wettening and transient eddy-driven
drying (Fig. 5j).

The broad-scale features of the aerosol-induced (hist-AER)
precipitation trend resemble those in the hist-GHG ensemble
but with opposite sign (Figs. 3f,k). A strong meridional precipi-
tation dipole is evident over the Indian Ocean and Maritime
Continent, and is embedded in a hemispheric-wide southward
shift of the ITCZ (as also seen in the zonal-mean profile in
Fig. 4). This ITCZ shift is predominantly dynamically forced as
seen by the large agreement between D(P 2 E) and DMCD,
alongside small values of DTH and DTE (Figs. 5k–n): Aerosols
induce a relative cooling of the NH compared to the SH during
the period examined (Fig. 3l), leading to an anomalous inter-
hemispheric southward temperature gradient and associated
southward shift of the Hadley circulation to compensate for

the interhemispheric energy imbalance. The northward cross-
equatorial energy flow is in the form of dry static energy and
occurs in the upper troposphere associated with the northward
branch of the Hadley cell (e.g., Hwang et al. 2013). At the
same time, the lower branch of the Hadley cell shifts moisture
(and the tropical rain belt) in the lower troposphere farther
south toward NA latitudes (Figs. 3k,o). Anthropogenic aero-
sols further influence AUSM rainfall via regional-scale atmo-
spheric circulation changes. Aerosols induce sea level pressure
and near-surface temperature gradients across the Indian
Ocean (Figs. 3l,m), which result in a strengthening and south-
ward shift of the monsoonal westerlies. These monsoonal circu-
lation changes, in turn, enhance the moisture convergence over
NA (Figs. 5m,o), strengthen the ascending motion (Fig. 3n) and
result in a wettening trend of 9.4 mm yr21 decade21 over NA.
This wettening is consistently simulated by the CMIP6 models
and in agreement with the hist-All response (Figs. 3a,k). The
temperature change over the eastern equatorial Pacific shows a
La Niña–like response (Fig. 3l), consistent with a strengthening
of the Indo-Pacific Walker circulation seen in the 500-hPa verti-
cal velocity trends (Fig. 3n), which shows ascent and descent
over the Maritime Continent and eastern equatorial Pacific,
respectively.

FIG. 4. Zonal-mean profile of precipitation trends across the tropical (258N–258S) (a) Indo-Pacific sector
(708E–1808) and (b) eastern Pacific Ocean (1808–708W) for hist-All, hist-GHG, and hist-AER simulations across
11 CMIP6 models. The climatological zonal-mean profile (in units of mm yr21 and divided by 100) is given for reference.
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Some previous studies have shown that interactions be-
tween anthropogenic aerosols and GHGs can result in an SH
climate response that differs from the linear combination of
their individual effects (e.g., Ming and Ramaswamy 2009),
while others found small nonlinearities over Australia (e.g.,
Shiogama et al. 2013). Figures 3 and 4 show that the hist-All
response is, to a very good approximation, the result of the
linear combination of the individual anthropogenic aerosol
and GHG responses over the tropics. Interestingly, we also
find a “tropical Pacific east–west divide” with aerosol forcing
dominating the all-forcing response over the tropical Indo-
Pacific sector, including NA, and GHG forcing over the tropical
eastern Pacific (approximately east of the date line) (Figs. 3 and
5). This finding is further confirmed by analyzing the spatial cor-
relation values of precipitation: Over the Indo-Pacific sector
(258S–258N, 708E–1808), the spatial correlation of precipitation
between hist-All and hist-AER is 0.65, while the correlation
with hist-GHG is only 0.07. Over the tropical eastern Pacific
Ocean (258S–258N, 1808–708W; note that the Pacific and Indo-
Pacific boxes chosen are of the same size), the spatial

correlation between hist-All and hist-GHG is 0.56, but 20.18
for hist-AER.

The large agreement between the precipitation and circulation
trends in hist-All and hist-AER as well as the large aerosol-
induced DMCD contribution to D(P 2 E) over the Indo-Pacific
sector (Figs. 3 and 5) indicates that anthropogenic aerosols have
significantly influenced the Indo-Pacific climate and played a
dominant role in the wettening trend over NA by inducing a
southward shift and strengthening of the monsoonal westerlies
(Figs. 3 and 4a). GHGs have played a minor role in determining
these changes across the Indo-Pacific sector and NA as the pre-
cipitation pattern and trends in other climate variables do not
show large agreement (Fig. 3). Nonetheless, it should be noted that
the moisture budget decomposition shows not only an aerosol-
induced dynamic contribution to the precipitation changes over
NA (Fig. 5). GHGs induce a strong thermodynamic precipitation
increase over the Maritime Continent, extending toward NA
(Fig. 5g). However, this GHG-induced wettening seems to be
largely compensated by the GHG-induced drying through
transient eddy changes (Fig. 5i). This leads to no large-scale

FIG. 5. Spatial distribution of trends over 1930–2014 for DJF (a),(f),(k) precipitation P minus evaporation E, (b),(g),(l) thermodynamic
component DTH, (c),(h),(m) mean circulation dynamic component DMCD, and (d),(i),(n) transient-eddy component DTE of the moisture
budget decomposition for the (left) hist-All, (center) hist-GHG, and (right) hist-AER simulations. All trends are based on the MEM
across 10 CMIP6 models (excluding CESM2 since it did not provide all the relevant data). Stippling indicates regions where at least 70%
of the models agree on the sign of change. (e),(j),(o) The contributions of the different moisture budget terms over NA.
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changes in D(P 2 E) over NA in the hist-GHG simulations
(Fig. 5j) and favors the dominance of the dynamic precipita-
tion changes due to aerosols over NA in the hist-All simula-
tions (Fig. 5e). The large-scale agreement of P and D(P 2 E)
between the hist-All and hist-AER response but low agree-
ment with hist-GHG (Figs. 3 and 5) provides further support
to anthropogenic aerosols being the dominant drivers of the
precipitation response over NA.

This hypothesis is additionally corroborated by the analysis
of the CESM2 Large Ensemble simulations, which similarly
show a strengthening and southward shift of the monsoonal
westerlies and subsequent precipitation increase over NA due to
aerosol forcing (Fig. A1). A detailed description of the CESM2
Large Ensemble analysis can be found in the appendix. This
aerosol-induced wettening is largely independent of the sign of
Atlantic meridional overturning circulation (AMOC) (Fig. S3
with description) anomalies, highlighting the negligible influence
of this mode of variability on the historical AUSM rainfall trend.

2) INTERMODEL DIFFERENCES IN SIMULATED TRENDS

We further examined the intermodel spread in AUSM rain-
fall trends simulated by the 11 CMIP6 models. For this, we
calculated the mean for each model across the first three real-
izations (i.e., the maximum number of members common to
all models) to give equal weight to each model and show the
spread in the response (Fig. 6). All models except for BCC-
CSM2-MR show an increasing precipitation trend in their
hist-All mean, although the magnitude of the observed trend
(the black solid line in Fig. 6) is consistently underestimated
by all models. The GHG-induced precipitation response re-
veals a large intermodel spread in the sign of the response
with no overall consensus (five models simulate a positive
trend, four a negative trend, and two a near-zero mean trend).
The low model agreement regarding the sign of the precipita-
tion trend over NA indicates large uncertainties around the
processes underpinning the GHG-related precipitation response
over NA. In particular, the dynamically induced precipitation
changes over NA contribute to this uncertainty as seen by the
low model agreement regarding the sign of change in DMCD
over NA (Fig. 5g). In contrast, 9 out of the 11 hist-AER ensem-
ble means show an increasing precipitation trend. Three models
(ACCESS-CM2, CESM2, and NorESM2-LM) simulate a partic-
ularly strong wettening over NA, above the 95th percentile
of the respective PDF distribution. Nonetheless, the spread
in the simulated magnitude of the precipitation trend over
NA in response to the aerosol forcing is large, likely related
to the influence of internal variability and structural model
differences.

While a detailed analysis of these causes of model diversity
is beyond the scope of our study, we performed a preliminary
analysis to investigate a potential link between aerosol radia-
tive forcing values or historical/climatological model biases
with the simulated AUSM trends across the various models.
For the former, we find that models with less (more) negative
effective radiative forcing due to shortwave aerosol–radiation
(aerosol–cloud) interactions simulate more realistic AUSM
trends in hist-AER (statistically significant correlation of 0.63

and 20.69, respectively; see Fig. S4). For the latter, one
should note that the accuracy of attributing simulated re-
gional climate change to human influence is closely tied to the
model’s ability to replicate the baseline climatic conditions
(e.g., Matsueda and Palmer 2011). Previous studies have dem-
onstrated a relationship between model biases and the associ-
ated climate response, for instance, for tropical circulation
(Zhou and Xie 2015) and rainfall (Chadwick et al. 2016). We,
thus, investigated differences in the historical trends and cli-
matological biases for 30 different CMIP6 models, which we
divided into DRY or WET groups based on the sign of the
simulated hist-All AUSM rainfall trend (see supplemental
material section 7 for more detail). We find that the ability of
models to reproduce the increasing AUSM rainfall trend
might be linked to an aerosol signal projecting onto stronger
monsoonal westerly winds and an already further southward-
located ITCZ in the WET compared to the DRY climatology,
which in turn results in a stronger historical precipitation in-
crease over NA (Fig. S6). In contrast, we find no link between
the magnitude of the cold tongue bias, global mean warming
trend, or equilibrium climate sensitivity of the individual
CMIP6 models and the simulated strength or sign of the pre-
cipitation trend over NA (Fig. S7). Future research could fur-
ther investigate the factors influencing the intermodel spread

FIG. 6. Boxplot of the DJF 1930–2014 trends in precipitation
over Northern Australia (108–208S, 1208–1508E; land only) in the
hist-All, hist-GHG, and hist-AER simulations. The ensemble
mean across the first three realizations for each of the 11 CMIP6
models is used as input data to give equal weight to each model.
The boxes show the first and third quartiles with whiskers extend-
ing to the 5th–95th percentiles. The diamonds represent outliers, and
the orange circle represents the mean values. The black solid line rep-
resents the observed precipitation trend of 55.7 mm yr21 decade21

based on GPCC data.
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in simulated precipitation trends over NA by focusing, for in-
stance, on the role of differences between the aerosol repre-
sentations across the models.

3) ATTRIBUTION OF DRIVERS USING PDRMIP

We used global (CO232, SUL35, and BC310 in Fig. 7)
and regional (SUL310Asia, SUL310Eur, and BC310Asia in
Fig. 8) experiments from PDRMIP to further examine the in-
fluence of anthropogenic aerosols on AUSM rainfall and, in

particular, facilitate the identification of the dominant aerosol
source region. Increased CO2 leads to a contraction and
strengthening of the ITCZ (Fig. 7a), which is dominated by
slow climate adjustments (Figs. S8a,b). This is related to a
weakening of the Indo-Pacific Walker cell, ensuing weakening
of the equatorial trade winds and an emerging El Niño–like
SST pattern (Figs. 7b,c). Over the Indo-Pacific sector, the CO2

increase induces anomalous equatorial easterlies (Fig. 7c) and
no clear precipitation dipole, both of which are in contrast to
the pattern in the hist-All ensemble (Figs. 3a,c). Interestingly,

FIG. 7. Spatial anomalies during austral summer in (a),(d),(g) precipitation, (b),(e),(h) near-surface temperature after removing the
tropical mean (258N–258S), and (c),(f),(i) mean sea level pressure (color) with 850-hPa winds (vectors) for the total equilibrium response
in the (left) CO23 2, (center) SUL35, and (right) BC310 simulations from PDRMIP. Nine models were used to calculate the multimo-
del mean, and stippling indicates regions where at least 80% of the models agree on the sign of change.

FIG. 8. Spatial anomalies during austral summer in (a),(d),(g) precipitation, (b),(e),(h) near-surface temperature after removing the
tropical mean (258N–258S), and (c),(f),(i) mean sea level pressure (color) with 850-hPa winds (vectors) for the total equilibrium response
in the (left) SUL310Asia, (center) SUL310Eur, and (right) BC310Asia simulations from PDRMIP. Six models were used to calculate
the multimodel mean, and stippling indicates regions where at least 80% of the models agree on the sign of change. Note that the values
are halved in comparison to Fig. 7.
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a large fast precipitation increase over Australia, although with a
large intermodel spread in the magnitude (Fig. S10), is evident
while all other regions are controlled by ocean-mediated changes
(Fig. 7a, Figs. S8a,b). This NA wettening is likely linked to a
strong thermodynamic control from land and atmospheric warm-
ing on precipitation in response to the extensive step increase in
CO2 (considering the exponential Clausius–Clapeyron scaling),
which dominates over the slow adjustments (Figs. S8a,b). This
thermodynamic response is similar to the DTH changes seen in
the hist-GHG simulations (Fig. 5f) but, other than in hist-GHG,
does not seem to be compensated by changes in DTE (Figs. 3f
and 5e–h).

The SUL35 simulations show a southward displacement of
the mean position of the ITCZ due to the aerosol-induced in-
terhemispheric temperature gradient (Figs. 7d,e). That a sig-
nificant strengthening, but no shift, of the monsoonal flow
occurs over the Indo-Pacific sector is evident (Fig. 7f). The
NA rainfall response shows a minimal decrease, with poor
consistency across models (Fig. S10), in contrast to the hist-All
simulations (Fig. 3a). Overall, precipitation changes over NA
show nearly the opposite pattern on fast and slow time scales
with drying and wettening, respectively (Figs. S8c,d).

The climate response to Asian sulfate aerosol emissions
(SUL310Asia) shows large agreement with the hist-All and
hist-AER trends (Figs. 3 and 8a–c). In particular, Asian sul-
fate aerosols induce a strong cross-hemispheric temperature
gradient and a southward shift and strengthening of the mon-
soonal westerlies (Figs. 8b,c). The associated precipitation di-
pole over the Indian Ocean and precipitation increase over
NA is simulated by most PDRMIP models (Fig. 8a, Fig. S10)
and in agreement with the pattern shown by the hist-All simu-
lations (Fig. 3a). The precipitation anomaly over NA is largely
controlled by atmospheric adjustments over the northeastern
part and oceanic adjustments over the northwestern part
(Figs. S9a,b). Over the equatorial Pacific, the precipitation
changes suggest a small southward shift of the ITCZ (Fig. 8a).

The most pronounced precipitation changes associated with
variations in European sulfate aerosols (SUL310Eur) occur
over the tropical Pacific, which feature a large-scale strength-
ening of the ITCZ and drying north of the equator (Fig. 8d)
due to oceanic adjustments (Figs. S9c,d). Besides, a drying
over the northern Indian Ocean and a small precipitation in-
crease over NA are shown, although these responses are in-
consistent across models (Fig. S10) and not related to clear
changes in the monsoonal flow (Figs. 8d,f). Thus, these cli-
mate anomalies do not strongly resemble the hist-All re-
sponse, although they might have strengthened the AUSM
precipitation trend to Asian sulfate aerosols minimally
(Figs. 3a–c).

Global (BC310) and Asian (BC310Asia) black carbon
emissions lead to a precipitation decrease over the equatorial
Indian Ocean and wettening over the northern Indian Ocean
(Figs. 7g and 8g), in contrast to the hist-All simulations (Fig. 3a).
The precipitation increase over NA is dominated by atmospheric
adjustments (Figs. S8e–f and S9e–f), although there is a large
spread in the model responses and no model agreement on the
sign of change in BC310 (Fig. S10). Besides, the increase in black
carbon induces mean sea level pressure and temperature

gradients (Figs. 7h,i and 8h,i) which are nearly opposite to the pat-
terns seen in hist-All (Figs. 3b,c).

4. Discussion and conclusions

This study aimed to identify drivers and physical mecha-
nisms associated with the long-term increase in Australian
summer monsoon rainfall between 1930 and 2014, a topic that
remains debated (Heidemann et al. 2023).

Our analysis shows that the observed increase in AUSM
rainfall lies at the upper range (i.e., above the 95th percentile)
of the internal variability distribution derived from the prein-
dustrial control simulations from 11 CMIP6 models (Fig. 1d).
This finding extends previous research which identified the ex-
istence of an anthropogenically forced component in the
NWA precipitation trend since the 1950s (Rotstayn et al. 2012;
Frederiksen and Grainger 2015; Knutson and Zeng 2018).

To isolate the effect of anthropogenic drivers on the
AUSM rainfall trend, we used historical all- and single-forcing
simulations from a suite of CMIP6 models and the CESM2
Large Ensemble. A comprehensive summary of our results is
provided in Table S3. We find that anthropogenic aerosol
emissions played a dominant role in driving precipitation
trends over the Indo-Pacific sector, including NA, while the
response to increased greenhouse gas concentrations pre-
vailed over the wider tropical Pacific region (Figs. 3 and A1).
We termed this spatial division between the area of impact of
anthropogenic aerosols and GHGs on precipitation over the
Pacific region the “tropical Pacific east–west divide.” The
comparison with idealized PDRMIP simulations revealed that
sulfate emissions over Asia, predominately eastern China, led
to a strengthening and southward shift of the monsoonal west-
erlies and ensuing increase in AUSM rainfall (Figs. 8a–c; see
also Table S3). In contrast, the influence of European sulfate
and Asian black carbon aerosols on NA precipitation was
found to be negligible (Figs. 8d–i; see also Table S3). This at-
tribution is consistent with historical aerosol emission changes
between 1930 and 2014. Specifically, sulfate aerosol emissions
from Europe and the United States experienced a significant
increase during the mid-twentieth century, followed by a de-
cline below 1930 levels by 2014 (e.g., Hoesly et al. 2018). In
contrast, sulfate emissions from Asia have rapidly and mono-
tonically increased since the 1930s, exceeding the emission
levels of Europe and the United States since the 1990s (e.g.,
Myhre et al. 2017a).

We further investigated the physical mechanism linking forc-
ing and response as summarized in Fig. 9. The climatological
circulation pattern is characterized by the zonal Indo-Pacific
Walker cell and the local meridional Hadley cell (Fig. 9a). The
ascending motion over the Maritime Continent leads to strong
convection and precipitation, while the inflow of moist air from
the northwest brings monsoonal rainfall to NA during austral
summer (Drosdowsky 1996). However, anthropogenic forcing
has significantly modulated this pattern since the early twentieth
century (Figs. 8b–d).

We found that the impact of GHGs was predominantly evi-
dent over the equatorial region (Fig. 9b). The precipitation in-
crease over the Maritime Continent and the equatorial
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Indian Ocean is of thermodynamic origin due to the GHG-
induced increase in atmospheric water vapor according to the
Clausius–Clapeyron scaling and intensification of the hydro-
logical cycle in agreement with results from Held and Soden
(2006) and Seager and Naik (2012). However, this thermody-
namic precipitation increase over NA was largely compen-
sated by the transient eddy-induced drying, resulting in
modest precipitation changes over NA with no model agree-
ment regarding the sign of change (five models simulate a
positive trend, four a negative trend, and two a near-zero
mean trend). Over the Pacific Ocean, observed and simulated
hist-All precipitation patterns were largely controlled by
GHG-induced dynamic changes through weakening of the
Indo-Pacific Walker circulation to satisfy the global energy
constraints (Held and Soden 2006; Vecchi and Soden 2007;
O’Gorman et al. 2012). This led to an El Niño–like response
with a weakening of the equatorial Pacific easterlies (as in-
ferred from the 925-hPa winds; not shown), relative warming
of the eastern equatorial SSTs, and subsequent ascending
trend leading to a precipitation increase over the ITCZ core
region. This ITCZ strengthening was of dynamic origin (i.e.,
due to circulation adjustments caused by nonthermodynamic
drivers) similar to Seager et al. (2010) and induced a strong
anomalous meridional circulation with associated precipita-
tion decrease north and south of the equator (i.e., ITCZ nar-
rowing). This off-equatorial drying was further strengthened

by thermodynamic adjustments. Additionally, GHGs lead to a
poleward expansion and weakening of the Hadley circulation.
These findings are consistent with observed changes in large-
scale circulation adjustments under global warming (e.g., Vecchi
and Soden 2007; Vecchi et al. 2006; Xian et al. 2021) and precip-
itation reconstruction (Ren et al. 2013) but cannot be further
corroborated due to the lack of oceanic precipitation data in
the presatellite era.

Our results show that the impact of both global and re-
gional anthropogenic aerosol emissions on tropical precipita-
tion was primarily linked to dynamical adjustments, with
strong circulation anomalies in the meridional direction but
modest ones in the zonal direction (Fig. 9c). Sulfate aerosol
emissions over East Asia had the largest impact on NA pre-
cipitation causing a higher aerosol burden over this region, re-
duction in surface downwelling shortwave radiation, and
subsequent near-surface air cooling trend. Thermodynamic
circulation adjustments to this cooling led to a strengthening
of the southeastern edge of the Siberian high over eastern
China and the East China Sea, which intensified the East
Asian winter monsoon circulation and extended it southeast-
ward. The compensating low pressure anomaly over the Mari-
time Continent, together with the aerosol-induced meridional
gradient in the temperature trend across the northern to cen-
tral Indian Ocean (Fig. 3l), led to a strengthening and south-
ward shift of the AUSM climatological westerlies and ensuing

FIG. 9. Schematic of the large-scale circulation adjustments during austral summer (DJF) between 1930 and 2014 caused by (b) green-
house gases, (c) anthropogenic aerosols, and (d) all forcings combined. (a) A conceptual representation of the climatological circulation
during austral summer for reference. The local meridional Hadley circulation and zonal Indo-Pacific Walker circulation are shown by pur-
ple and green arrows, respectively. Strengthened circulation cells are drawn with thicker lines and weakened cells with dashed lines. Pre-
cipitation increase and decrease are shown by shaded areas in blue and brown, respectively, and ITCZ refers to the intertropical conver-
gence zone. Marked gradients in temperature (T) and sea level pressure (SLP) are indicated by arrows pointing in the direction of
increasing values. High and low pressure trends are denoted by HP and LP, respectively.
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dynamic precipitation increase over NA (although with large
model spread of the simulated magnitude of this trend). This
manifested in a southward shift of the local Hadley cell, in
agreement with results from Liu et al. (2019). Our preliminary
analysis of atmosphere-only simulations with prescribed SSTs
further supports the important role of dynamical adjustments
and atmosphere–ocean interactions on NA precipitation
through changes in SSTs and associated monsoonal circula-
tion trends (see supplemental material section S12 for more
details). Overall, these local changes were embedded in an
aerosol-induced interhemispheric temperature gradient which
led to a shift of the ITCZ to the warmer hemisphere
(i.e., SH). The southward shift in the tropical rain belt occurs
in conjunction with a northward cross-hemispheric flow of dry
static energy in the upper troposphere, as a circulation response
to restore the interhemispheric energy imbalance caused by an-
thropogenic aerosols (Hwang et al. 2013). Previous studies (e.g.,
Ming and Ramaswamy 2009; Allen and Sherwood 2011) have
similarly found a robust southward shift of the ITCZ in response
to a stronger aerosol-induced cooling of the NH. We further
find that anthropogenic aerosol emissions led to a modest
strengthening of the Walker circulation with strengthened ascent
and descent located over the Maritime Continent and off the
west coast of South America, respectively.

The full historical (i.e., hist-All) response over NA shows
that the dynamically induced precipitation changes due to
aerosols play a key role in contrast to the compensating ther-
modynamically induced wettening and transient eddy-related
drying due to GHGs (Fig. 5e). At a large scale, the all-forcing
response can be seen as a spatial combination of aerosol- and
GHG-induced adjustments with the former dominating over
the Indo-Pacific sector, including NA, and the latter over the
wider Pacific Ocean approximately east of the date line (and
the zonal direction) (Figs. 9b–d). This tropical Pacific east–
west divide can be understood by considering that anthropo-
genic aerosols, due to their spatially heterogeneous distribu-
tion, are more effective than well-mixed GHGs in leading to
regional dynamical changes, especially in the meridional direc-
tion, as the atmospheric–oceanic system adjusts to compensate
for the energy imbalance between the emission region and the
surroundings. Note, for instance, the strong monsoonal west-
erly trend in the hist-AER simulations and associated precipi-
tation trend over the Indo-Pacific (Figs. 3k,m), which are
roughly an order of magnitude larger than those in response
to GHGs (Figs. 3f,h). In contrast, the GHG-induced Indo-
Pacific Walker cell changes and linked precipitation adjust-
ments dominate over the aerosol-induced changes in hist-All
(Fig. 3). Similarly, Bollasina et al. (2011) concluded that
GHG-induced warming dominated the zonal circulation re-
sponse while anthropogenic aerosol effects prevailed in the
meridional direction in the late twentieth century, although
their study focused on June–September. Nonetheless, previous
studies have found a similar global-scale climate pattern in re-
sponse to greenhouse gas and aerosol emissions but of oppo-
site sign (Xie et al. 2013; Persad et al. 2018; Cao et al. 2022b),
although these studies focused on global rather than regional-
scale climate responses.

Our conclusion that Asian anthropogenic aerosols played a
key role in the twentieth-century precipitation increase over
NA agrees with previous results from studies using single-
model (Rotstayn et al. 2007, 2012) and multimodel approaches
(Dey et al. 2019). However, their conclusions were limited by
a simplified treatment of aerosol processes (Rotstayn et al.
2007, 2012), a strong cold tongue model bias of the analyzed
model (Rotstayn et al. 2007, 2012; Shi et al. 2008; Cai et al.
2011), uncertainties regarding the underlying physical mecha-
nism (Rotstayn et al. 2012; Dey et al. 2019), and lack of model
agreement with observations (Rotstayn et al. 2007, 2012; Dey
et al. 2019). Additionally, the study by Dey et al. (2019) com-
pared the mean climate response across 18 CMIP5 models for
the hist-All simulations to the mean across nine CMIP5 mod-
els with a different number of ensemble members for the hist-
AER simulations, hindering an adequate attribution of the
NWA precipitation trend. Our current study addresses these
limitations while further offering a detailed mechanistic analysis
as well as a multimodel comparison of the climate responses to
different aerosol types and emission regions. We also provide a
more robust assessment of observed long-term trends in AUSM
precipitation (Fig. 1) which suggests that our conclusions are in-
dependent of the exact period analyzed}despite the large influ-
ence of decadal to multidecadal variability in AUSM rainfall
(Power et al. 1999)}with longer (e.g., 1920–2014) or shorter
(e.g., 1940–2014) trends showing similar climate adjustments (not
shown).

We acknowledge that there are some potential limitations
to this study. First, the magnitude of the AUSM rainfall trend
is underestimated by the MEM across 11 CMIP6 models, al-
though most models capture the sign of the trend (Fig. 6).
Since some realizations from the suite of CMIP6 models and
the CESM2 Large Ensemble accurately reproduce the magni-
tude (not shown), our analysis suggest that the observed trend
likely results from a combination of aerosol-forced changes
and internal variability. In particular, variability of the SST
gradient between the Indo-Pacific and eastern Pacific has
been found to influence historical SH monsoonal trends (Cao
et al. 2023). Second, the signal-to-noise ratio (computed as
the ratio of the precipitation change divided by the interan-
nual standard deviation) for the observed AUSM precipita-
tion trend from 1930 to 2014 is approximately 0.9. While this
indicates comparable magnitudes of signal and noise on multi-
decadal time scales, the noise intermittently exceeded the
trend on interannual time scales (see also Fig. 1b). Third,
while we find that the climate response can be largely attrib-
uted to the effect of Asian sulfate aerosols, other forcing
agents (such as GHGs or black carbon aerosols) as well as in-
ternal variability might have contributed to the observed
AUSM rainfall trend. We find a large intermodel spread in
the GHG-induced sign of AUSM precipitation change which
translates into a corresponding large uncertainty on the role
of GHGs and hinders further quantitative assessment. Addi-
tionally, while the MEM is able to reproduce the broad fea-
tures of the historical surface temperature response pattern, it
also shows some systematic biases relative to observations.
These biases introduce some additional uncertainties in the
subsequent analysis. Overall, our results emphasize the need
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for a better understanding of the influence of model biases,
the underlying reasons for the intermodel spread, and the in-
terplay between aerosols and internal variability on historical
changes in AUSM rainfall.

Despite these limitations, our study contributes to an im-
proved understanding of the impact of Asian anthropogenic
aerosols on the historical increase in AUSM rainfall and the
associated dynamical mechanism over the Indo-Pacific sector.
The dependence of the AUSM response on the aerosol
source region found here provides additional evidence for the
importance of regional aerosol emissions in shaping global
and regional climate (e.g., Wilcox et al. 2019; Persad 2023;
Fahrenbach and Bollasina 2023). Further scientific advances
are needed to reduce uncertainties in future projections of
AUSM rainfall under different aerosol emission trajectories
and to develop adaptation policies, especially given the rap-
idly evolving emissions over Asia (Li et al. 2017; Samset
et al. 2019). This is particularly important to ensure the fu-
ture productivity and profitability of NA’s agricultural econ-
omy, with cattle and sugar exports alone generating over
$3 billion in annual income (CSIRO 2020). Further analysis
could also focus on the influence of aerosol forcing on driv-
ing changes in the MJO as well as on potential seasonal
shifts in AUSM rainfall, rather than seasonal averages only,
which is a critical factor controlling agricultural production
(Qureshi et al. 2013).
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https://psl.noaa.gov/data/gridded/data.20thC_ReanV3.html.
The CMIP6 simulations used in this study are published on
the CMIP6 archive available via the Earth System Grid
Federation (ESGF) at https://esgf-node.llnl.gov/projects/
esgf-llnl/. The CESM2 Large Ensemble simulations used in
this study are available at https://www.earthsystemgrid.org/
dataset/ucar.cgd.cesm2le.output.html and https://www.
earthsystemgrid.org/dataset/ucar.cgd.cesm2.single.forcing.large.
ensemble.html. The PDRMIP data can be accessed through
the World Data Center for Climate (WDCC) data server at
https://doi.org/10.26050/WDCC/PDRMIP_2012-2021.

APPENDIX

Precipitation and Large-Scale Climate Response in the
CESM2 Large Ensemble

We investigated the impact of anthropogenic forcing
agents further by examining precipitation trends and the as-
sociated large-scale climate patterns in the CESM2 Large
Ensemble (Fig. A1). The CESM2-All SMBB simulations
(Fig. A1a) can reproduce the observed precipitation pattern
over Australia (Fig. 1c). These simulations}in agreement
with results from the suite of CMIP6 models}indicate that
aerosols are instrumental to explain the precipitation and
wind response over the Indo-Pacific region, including Aus-
tralia, while the response to GHGs shows little ensemble
consensus on the sign of change (Figs. A1a,d,g). Specifi-
cally, anthropogenic aerosols lead to a hemispheric-wide
temperature gradient with ensuing southward shift and
strengthening of the monsoonal westerlies over the Indian
Ocean (Figs. A1b,c,h,i). In contrast, the GHG-induced
changes are mainly located over the equatorial Pacific with
a strengthening and meridional narrowing of the ITCZ re-
lated to an El Niño–like SST pattern (Figs. A1d–f). Inter-
estingly, the CESM2-All SMBB simulation shows a weak
signal in precipitation over the equatorial eastern Pacific
with little ensemble agreement, suggesting a significant influ-
ence of internal variability (Fig. A1a). Besides, biomass burn-
ing aerosols might influence this response as the CESM2-All
CMIP6 simulations show a pronounced equatorial wettening
(not shown).
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