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ABSTRACT: Northern Hemisphere land monsoon (NHLM) precipitation exhibits multidecadal variability, decreasing
over the second half of the twentieth century and increasing after the 1980s. We use a novel combination of CMIP6 simula-
tions and several large ensembles to assess the relative roles of drivers of monsoon precipitation trends, analyzing the
effects of anthropogenic aerosol (AA), greenhouse gas (GHG) emissions, and natural forcing. We decomposed summer
global monsoon precipitation anomalies into dynamic and thermodynamic terms to assess the drivers of precipitation
trends. We show that the drying trends are likely to be mainly due to increased AA emissions, which cause shifts of the
atmospheric circulation and a decrease in moisture advection. Increases in GHG emissions cause monsoon precipitation to
increase due to strengthened moisture advection. The uncertainty in summer monsoon precipitation trends is explored
using three initial-condition large ensembles. AA emissions have strong controls on monsoon precipitation trends, exceed-
ing the effects of internal climate variability. However, uncertainties in the effects of external forcings on monsoon precipi-
tation are high for specific periods and monsoon domains, resulting from differences in how models simulate shifts in
atmospheric circulation. The effect of AA emissions is uncertain over the northern African monsoon domain due to differ-
ences among climate models in simulating the effects of AA emissions on net shortwave radiation over the North Atlantic
Ocean.
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1. Introduction

Tropical precipitation variability directly impacts billions of
people, with the Northern Hemisphere land monsoon
(NHLM) regions containing around 60% of the world’s popu-
lation (Wang et al. 2017). The summer monsoons supply most
of the annual precipitation to these regions. For instance, the
Indian and West African summer monsoons provide about
80% of the total annual rainfall to South Asia and West
Africa (Wang et al. 2017). NHLM precipitation decreased
between the 1950s to the 1980s and increased afterward
(Huang et al. 2019; Zhang and Zhou 2011). Monsoon variabil-
ity has strong societal effects. The Sahel experienced a severe
drought in the 1980s and the early 1990s (Nicholson 2013;
Sanogo et al. 2015). According to Zhang and Zhou (2011)
and Jin and Wang (2017), Indian precipitation decreased after
the second half of the twentieth century and increased in the
late 2000s, whereas East Asian precipitation decreased from
the 1950s to the 1990s and increased in the early 2000s.

Monsoon precipitation variability has been associated with
the effects of internal climate variability and external forcings.
Increases in greenhouse gas (GHG) concentrations cause an
increase in global mean surface temperature, associated with
a strengthening of land–sea thermal contrasts and of the
interhemispheric temperature gradient, forcing monsoon cir-
culations to shift northward and favoring the Northern Hemi-
sphere monsoons (Kitoh et al. 2013; Lee and Wang 2014;
Moon and Ha 2020; Wang et al. 2020; Chadwick et al. 2019;
Park et al. 2015; Cao et al. 2020; D’Agostino et al. 2019). The
increase in global mean surface temperature is also associated
with an increase in specific humidity in the troposphere (via
Clausius–Clapeyron) that contributes to strengthened mois-
ture fluxes and precipitation (thermodynamic effect of climate
change) (Kitoh et al. 2013; Monerie et al. 2020b; Chadwick
et al. 2016). Although increases in moisture advection act to
increase monsoon precipitation, the tropical overturning
weakens (Kitoh et al. 2013) due to an increase in gross moist
static stability (Bordoni and Schneider 2008; Chou and Chen
2010; Chou et al. 2013; Neelin and Held 1987; Vecchi and
Soden 2007; Yu and Neelin 1997), leading to a wind–precipi-
tation paradox (Ueda et al. 2006). The effect of climate
change on tropical precipitation is mostly due to thermody-
namic changes (Kitoh et al. 2013; Held and Soden 2006; Chad-
wick et al. 2013), but intermodel uncertainties arise due to
uncertainties in projected changes in atmospheric circulation
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(Kent et al. 2015; Monerie et al. 2020b; Rowell and Chadwick
2018).

Anthropogenic aerosols (AA) can also have strong effects on
NHLM precipitation variability (Ackerley et al. 2011; Giannini
and Kaplan 2019; Marvel et al. 2020; Bollasina et al. 2011;
Wang et al. 2009; Saha and Ghosh 2019; Wang et al. 2019; West-
ervelt et al. 2020; Ayantika et al. 2021; Polson et al. 2014;
Hwang et al. 2013; Herman et al. 2020; Sherman et al. 2021).
Emissions of AA and their precursors increased over the
United States and western Europe from the preindustrial era to
the 1980s and are now decreasing following the introduction of
clean air polices. However, Asian AA emissions continue to
increase (Wang et al. 2015) (Fig. 1). The overall response to
AA is the scattering of shortwave radiation, surface cooling,
and a decrease in tropical precipitation (Westervelt et al. 2020;
Guo et al. 2013; Persad and Caldeira 2018; Samset et al. 2018;
Guo et al. 2016; Polson et al. 2014). AA emissions are spatially
heterogeneous, and the change in their primary source regions
over time means that the response of each monsoon region has
a different aerosol signature. For instance, AA emissions have
been associated with a strengthening of the West African mon-
soon and a weakening of the Indian and East Asian monsoon
after the 1980s (Bonfils et al. 2020; Hirasawa et al. 2020; Acker-
ley et al. 2011; Ayantika et al. 2021; Sherman et al. 2021). Inter-
actions occur between distant regions, with European AA
emissions affecting both northern Africa (Ackerley et al. 2011;
Dong and Sutton 2015; Dong et al. 2014) and Asia (Dong et al.
2016b), and Asian AA emissions showing large-scale impacts,
through changes in warm pool temperature and through
Walker-type circulation anomalies (Dong et al. 2014) that also
impact the tropical Atlantic Ocean (Undorf et al. 2018). Besides
AA and GHG emissions, natural (NAT) forcings could affect
low-frequency monsoon precipitation variability, through the
solar cycle (van Loon et al. 2004; Meehl et al. 2009) and volca-
nic eruptions (Zuo et al. 2019). Volcanic activity was shown to
have strong impacts on monsoon precipitation, one year follow-
ing major eruptions (Haywood et al. 2013; Liu et al. 2016; Her-
man et al. 2020; Jacobson et al. 2020) and depending on the
location of the eruption.

In addition to the influence of external forcings, modes of
internal climate variability have strong effects on monsoon pre-
cipitation variability. The low-frequency variability in NHLM
precipitation is associated with changes in sea surface tempera-
tures (SSTs) (Wang et al. 2018). Atlantic multidecadal variabil-
ity (AMV), Pacific decadal variability (PDV), and Indian
Ocean SST variability all have strong effects on NHLM mon-
soon precipitation (Wang et al. 2018; Giannini et al. 2003;
Monerie et al. 2019; Krishnamurthy and Krishnamurthy 2014;
Zhang et al. 2018; Huang et al. 2020).

Climate models have large biases, underestimating precipita-
tion means and variability over monsoon domains (Pathak et al.
2019; Monerie et al. 2020b; Wilcox et al. 2020). Biases in simulat-
ing the multidecadal variability in monsoon precipitation limit
our ability to simulate and predict monsoon precipitation. One
of the causes of these biases is the uncertainty in simulating the
effects of external forcing on monsoon precipitation variability.
In addition, intermodel spread in the response to forcing can
result from the diversity in pattern and magnitude of the forcing,
which arises as due to differences in model physical processes
and climatologies (Wilcox et al. 2015; Shonk et al. 2020).

Documenting and understanding effects of anthropogenic
forcings, over the historical record, is an outstanding issue
that would help understand climate variability and biases in
climate simulations. In this study, we assess the effects of
external forcings, including AAs, GHGs, and natural forcings
(NAT; i.e., volcanism, solar cycle), on NHLM precipitation.
We make use of the new generation of climate models, made
available thanks to phase 6 of the Coupled Model Intercom-
parison Project (CMIP6; Eyring et al. 2016), and use simula-
tions performed for the Detection and Attribution Model
Intercomparison Project (DAMIP; Gillett et al. 2016), to
assess, separately, the effects of the AA, GHG, and NAT
forcings (see section 2). We gather new information by
employing a decomposition method that enables analysis of
terms that have not so far been assessed for historical mon-
soon precipitation trends: anomalies associated with dynamic
shifts of the circulation and with a weakening of the tropical
mean circulation, for instance. The CMIP6 multimodel

FIG. 1. Trends in sulfur dioxide (SO2) emissions (g m22 yr21) over the periods (a) 1950–80 and (b) 1980–2014. CMIP6
historical forcing is downloaded from input4mips (https://esgf-node.llnl.gov/search/input4mips/).
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ensemble, together with the availability of initial-condition
large ensembles from several modeling groups, provides us
the opportunity to assess the role of both externally forced
change and internal variability. This study is a first attempt to
quantify the model uncertainty that is associated with each of
the aforementioned external forcings.

The paper is organized as follows: section 2 describes the simu-
lations and the methodologies used. In section 3, we assess effects
of external forcings on NHLMmonsoon precipitation, expanding
on the mechanisms, decomposing precipitation anomalies. Sec-
tion 4 shows regional changes in temperature and atmospheric
circulation, to explain monsoon precipitation anomalies. Uncer-
tainties in simulating effects of external anthropogenic forcing
are assessed in section 5. Section 6 provides conclusions.

2. Data and method

a. Observations

Different observational datasets provide different represen-
tations of the real world. We ensure that our results are not
tied to only one dataset by using several observational data-
sets: the Global Precipitation Climatology Centre (GPCC)
version 7 (Schneider et al. 2014) dataset, which is available
from 1901 to the present on a 0.58 3 0.58 grid; the Climate
Research Unit (CRU; version 4.01) dataset allows an estima-
tion of precipitation at a 0.58 horizontal resolution from 1901
to 2016 (Harris et al. 2014); the Precipitation Reconstruction
over Land (PREC/L) dataset is at 1.08 horizontal resolution
and is available from 1948 to the present (Chen et al. 2002);
and the University of Delaware (UDEL; Willmott et al. 2001)
dataset is at 0.58 horizontal resolution from 1901 to 2014. We
also used wind and temperature data from the National Cen-
tre for Environmental Prediction (NCEP) reanalysis (R-1;
Kanamitsu et al. 2002), which is given from 1948 to the pre-
sent and at 2.58 resolution (1443 72) with 17 vertical levels.

b. CMIP6 simulations

We use historical simulations from phase 6 of the Coupled
Model Intercomparison Project (CMIP6; Eyring et al. 2016)

to assess model performance and effects of external forcings
on NHLM precipitation. These simulations are from ocean–
atmosphere coupled general circulation models (AOGCMs),
and cover the 1850–2014 period, using historical external forc-
ing (e.g., greenhouse gases, anthropogenic aerosols, solar cycle,
volcanic activity) (Eyring et al. 2016). The physical complexity
of climate models has increased since CMIP5, with CMIP6
models including more comprehensive representations of aero-
sol–cloud interactions (Collins et al. 2017). We used three
ensemble members of 10 CMIP6 climate models (Table 1).
However, the full spread of internal climate variability is
unlikely to be sampled by the three members, and so we
address this by using single-model initial-condition large ensem-
bles (SMILEs; e.g., Deser et al. 2012). This also incorporates
testing the effects of model uncertainty since three SMILEs
were available: 30 members of CanESM5, and 10 members
each of IPSL-CM6A-LR and CNRM-CM6-1. The combination
of the latest CMIP6 multimodel ensemble and this collection of
SMILEs provides a unique way of assessing the roles of exter-
nal and internal forcing on multidecadal monsoon variability.

We assess roles of external forcing with single-forcing simu-
lations from DAMIP (Gillett et al. 2016), whose design ena-
bles an assessment of the effects of variations in AA, GHG
emissions, and NAT forcings:

• The greenhouse gas–only simulations (hist-GHG) resemble
the historical simulations but are instead forced by the
changes in well-mixed greenhouse gas only, derived from
the historical simulations, and allow assessment of the
effects of changes in GHG concentration.

• Historical aerosol–only simulations (hist-AER) resemble
the historical simulations but are forced by the changes in
anthropogenic aerosol forcing only [black carbon, organic
carbon, SO2, SO4, NOx, NH3, CO, non-methane volatile
organic compounds (NMVOCs)].

• Natural-only simulations (hist-NAT) resemble the historical
simulations but are forced with only solar and volcanic forcings.

We extract the effects of the AA, GHG, and NAT forcings
by computing linear trends in the hist-AER, hist-GHG, and

TABLE 1. List of models and number of simulations used in the study.

Models Institutions
No. of ensemble members

for each simulation References

ACCESS-ESM1-5 Australian Community Climate and Earth
System Model, Australia

3 Ziehn et al. (2020)

BCC-CSM2-MR Beijing Climate Center, China 3 Shi et al. (2020)
CanESM5 Canadian Centre for Climate Modeling and

Analysis, Canada
30 Swart et al. (2019)

CNRM-CM6-1 Centre National de Recherches
Météorologiques, France

10 Voldoire et al. (2019)

FGOALS-G3 Chinese Academy of Sciences, China 3 Li et al. (2020)
HADGEM3-GC31-LL Met Office Hadley Centre, United Kingdom 3 Kuhlbrodt et al. (2018)
GISS-E2-1-G Goddard Institute for Space Studies, United

States
3 Kelley et al. (2020)

IPSL-CM6A-LR Institut Pierre Simon Laplace, France 10 Boucher et al. (2020)
MIROC6 Japanese modeling community, Japan 3 Tatebe et al. (2019)
MRI-ESM2-0 Meteorological Research Institute, Japan 3 Yukimoto et al. (2019)
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hist-NAT simulations over periods chosen to capture the
main features of observed decadal variability in NHLM pre-
cipitation. We denote these trends as the AA effect, GHG
effect, and NAT effect, respectively.

c. Method

1) MONSOON DOMAINS

Global monsoon domains are defined, for both observa-
tions and simulations, following Wang et al. (2011). We select
grid points where the annual precipitation range [i.e., the dif-
ference between May–September (MJJAS) and November–
March (NDJFM)] exceeds 2.5 mm day21. Monsoon domains
are displayed in Fig. 2. The NHLM monsoon domain is com-
posed of the NAM (North America), NAF (North Africa),
SAS (South Asia), and EAS (East Asia) subdomains (Wang
et al. 2011).

Climate models have biases, and the simulation of monsoon
precipitation is model-dependent. Therefore, applying a sin-
gle domain across multiple models will include areas that are
not covered by a monsoon in several models, where precipita-
tion variability is significantly lower, and is likely to result in

an artificially suppressed trend. The monsoon domains are
thus computed for observations and each model separately.
Most models simulate an anomalously low annual precipita-
tion range, especially over India (see Fig. S1 in the online
supplemental material) and the monsoon domains are
smaller in the models than in observations (Fig. 2a). We
used three alternative methods to test the sensitivity of this
result to the methodology: using a smaller 2 mm day21 abso-
lute threshold, using a relative threshold (based on the
observed annual precipitation range) (not shown), and
applying the observed monsoon domains to CMIP6 simula-
tions (Fig. S2). The results are qualitatively similar in each
case.

2) TRENDS IN PRECIPITATION AND MULTIMODEL MEAN

We perform a multimodel mean (MMM) to show trends in
monsoon precipitation associated with the different forcings.
The multimodel mean reduces biases and outperforms indi-
vidual models (Randall et al. 2007), and allows internal cli-
mate variability to be filtered out, extracting the effects of
individual forcings on monsoon precipitation.

FIG. 2. Observed (gray contours for GPCC, CRU, UDEL, and PRECL) and simulated (grid points are shown in color when at least
80% of the models agree that it is covered by a monsoon) monsoon domains. Area-weighted MJJAS monsoon precipitation anomaly
(mm day21) is given for the (a) NHLM, (b) SAS, (c) EAS, (d) NAM, and (e) NAF monsoon domains for GPCC (black), the ensemble
mean of the historical CMIP6 simulations (red), the AA (yellow), GHG (gray), and NAT (blue) effects, given by the ensemble mean of
the hist-AER, hist-GHG, and hist-NAT simulations, with the primary and secondary y axis, respectively. Precipitation anomalies are calcu-
lated relative to the period 1950–2014. A 9-yr running mean is applied to extract low-frequency monsoon precipitation variability.
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We compare observations to simulations over specific peri-
ods, chosen to capture changes in the sign of NHLM precipita-
tion trends (Fig. 2a). We chose the period 1950–80 during
which NHLM precipitation decreased, and the period
1980–2014, during which NHLM precipitation increased
(Fig. 2a). These periods coincide with changes in trends in
European and American AA: the period 1950–80 allows us to
define effects of an increase in AA emissions on climate
(Fig. 1a), whereas the use of the period 1980–2014 allows
assessment of the effects of decreases in European and American
AA emissions, while Asian emissions continue to increase (Fig. 1b).
GHG emissions have increased from 1950 to the present, but with
a rate that has increased since the early 1980s.

Throughout the study, we show time series and trends in
summer monsoon precipitation, averaging precipitation over
the MJJAS period, to account for the boreal summer.

3) DECOMPOSITION OF PRECIPITATION ANOMALIES

We assess mechanisms by which external forcing affects
monsoon precipitation by decomposing precipitation anoma-
lies into terms that document both dynamic and thermody-
namic changes. We follow Held and Soden (2006), who
assumed that precipitation anomalies can be approximated by

P � M*q, (1)

where P is precipitation, M* is a proxy for convective mass
flux from the boundary layer to the free troposphere, and q is
the near-surface specific humidity. Within this proxy we
assume that tropical precipitation is dominated by convection.
This was shown to be true within climate models (Chadwick
et al. 2013, 2016). From Eq. (1),

DP � D M*q
( )

, (2)

with D indicating anomalies in precipitation, computed rela-
tive to the climatology, which we have defined as the
1950–2014 period. Here, a high precipitation rate implies
large convective mass flux, when convection is pumping up air
with a high specific humidity from the boundary layer.

Precipitation anomalies are then reformulated in terms of a
dynamic (DPdyn), a thermodynamic (DPtherm), and a cross non-
linear (DPcross) component, following Chadwick et al. (2016):

DP � M*Dq 1 qDM* 1 DqDM*, (3)

which we can reformulate as

DP � DPtherm 1 DPdyn 1 DPcross, (4)

where DPtherm is the change in precipitation due to the change
in specific humidity, with no change in atmospheric circulation
(i.e., the thermodynamic term), DPdyn is the change in precipi-
tation that is due to a change in atmospheric circulation, with
no change in specific humidity availability (i.e., the dynamic
term), and DPcross is the change in precipitation due to
changes in both specific humidity and atmospheric circulation.

We further decompose DPdyn and DPtherm into two subcom-
ponents. The term DPdyn is due to changes relating to a

weakening of the tropical mean circulation (DPweak), and due
to anomaly pattern in atmospheric circulation (DPshift), as

DPweak � qDM*
weak and (5)

DPshift � qDM*
shift, (6)

with

DM*
weak � 2aM*, (7)

where

a �2 tropical mean DM*=tropical mean M*
( )

: (8)

The tropical mean is computed between 308S and 308N.
The precipitation anomaly associated with shifts in the circu-
lation is computed as a residual from the weakening of the
tropical mean circulation, as

DM*
shift � DM* 2 DM*

weak, (9)

Then DPtherm is decomposed into a sum of terms document-
ing moisture advection (DPqadv) and a residual (DPres). The
advection term is calculated over land, as

DPqadv � M*Dqadv, (10)

with

Dqadv � qland_anomaly 2 qland, (11)

with qland_anomaly obtained by scaling qland by the zonal mean
fractional change in qocean (i.e., the specific humidity over the
ocean only) at the same latitude, with no change in the circu-
lation. The residual is calculated as

DPres � M*Dqres, (12)

with

Dqres � Dq 2 Dqadv: (13)

A warming of the tropical mean sea surface temperature is
associated with both a weakening of the tropical mean circula-
tion (DPweak) and with an increase in moisture advection
DPqadv. Therefore, there is a cancellation of both terms and
we then combined them to give DPweakadv:

DPweakadv � DPqadv 1 DPweak: (14)

The term DPres corresponds to the change in precipitation
that is due to changes in specific humidity, but with no
change in moisture advection; DPres is seen as a residual term
that is associated with changes in the circulation (Rowell and
Chadwick 2018; Chadwick et al. 2016).

The combination of DPshift and DPres provides the change
in precipitation that is associated with dynamic changes
(but with no change of the mean tropical circulation)
(DPshiftres):
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DPshiftres � DPshift 1 DPres: (15)

The decomposition is performed using monthly means of
precipitation and surface specific humidity prior to computing
the seasonal means (i.e., May–September) and area-weighted
averages.

4) HIERARCHICAL CLUSTERING

We explore how internal variability can modulate effects of
external forcing on monsoon precipitation anomalies by
showing similarities between the monsoon precipitation
trends produced in each simulation. We assess dissimilarity
between spatial patterns in monsoon precipitation trends
using an agglomerative hierarchical clustering (AHC) algo-
rithm (Jain et al. 1999). The AHC algorithms create a nested
sequence of partitions of the patterns from the dissimilarity
matrix. The AHC merges clusters that are closest according
to a Euclidean distance, using Ward’s method that minimizes
the sum of squared differences within all clusters (Ward
1963). The AHC has been used to classify monthly rainfall
anomalies (Ullmann et al. 2014) and models (Monerie et al.
2017). The hierarchical clustering is applied using the SciPy
linkage Python function. The spatial patterns classified are the
MJJAS 1950–80 and 1980–2014 trends in NHLM precipitation,
by only considering grid points that are included within the
NAM, NAF, SAS, and EAS observed monsoon domains.
The analysis is performed on the spatial pattern correlation
matrix in precipitation trends, computed from 30 simula-
tions (10 models 3 3 simulations for each model), that is,
from a 30 3 30 spatial correlations matrix. We display
results on a dendrogram. Short distances between ensemble
members indicate a high degree of similarity between simu-
lated spatial trends in monsoon precipitation.

3. Trends in monsoon precipitation

a. NH monsoon precipitation trends

The observed NHLM precipitation decreases between 1950
and the 1980s, and increases afterward (Fig. 2a), as shown in
Zhang and Zhou (2011). Although it underestimates the mag-
nitude of multidecadal precipitation variability, the historical
MMM broadly reproduces the timing of observed variability
in NHLM monsoon precipitation. This suggests that the
observed timing of low-frequency NHLM monsoon precipita-
tion change is partly forced by external drivers prescribed in
CMIP6. While changes in anthropogenic aerosols (AA) are
associated with a decrease in NHLM monsoon precipitation,
changes in greenhouse gases (GHG) are associated with an
increase in NH monsoon precipitation (Fig. 2a). Natural
external forcings (NAT) are associated with moderate
changes in precipitation, showing no effects over the long
term. Qualitatively, these results suggest that the simulated
1950–80 drying is mostly attributed to increases in AA emis-
sions, while post-1980s increase in precipitation is attributable
to the increases in GHG concentrations (Fig. 2a), as shown

in Giannini and Kaplan (2019), Herman et al. (2020), and
Ayantika et al. (2021).

Most of the individual monsoon domains show a similar
behavior to the global NHLM domain. The observed SAS,
EAS, and NAF precipitation decreases from the 1950s to the
1980s (Figs. 2b,c,e). The observed NAM precipitation
increases in the early 1990s, but there are no strong trends in
the mid-twentieth century (Fig. 2d). Figure S3 shows that
results do not depend on observations.

Simulated SAS precipitation reaches a minimum later than
observed (in the 1990s compared to the observed minimum in
the 1980s) (Fig. 2b). The models also fail to simulate the post-
1990s increase in EAS precipitation (Fig. 2c). The CMIP6
ensemble mean underestimates the drying trend and overesti-
mates the positive trend in NAF precipitation (Fig. 2e).
CMIP6 simulations are not able to reproduce the observed
variability of NAM precipitation (Fig. 2d). Differences
between observed and simulated monsoon precipitation
trends can be due to effects of internal climate variability and
to model biases.

The decrease in European and North American AA emis-
sions occurs on similar time scales and can contribute to an
increase in NAF precipitation (Fig. 2e) (Giannini and Kaplan
2019). The GHG effect is an increase in precipitation at the
global scale and over most of the monsoon domains (NAF,
EAS, and SAS) but is associated with a decrease in NAM pre-
cipitation (Fig. 2d) [consistent with Karmalkar et al. (2011)].
NAT forcings have strong impacts on the precipitation vari-
ability, but do not explain long-term trends in precipitation.

b. Decomposing trends in NHLM monsoon
precipitation (1950–80)

We decompose tropical precipitation anomalies to explain
drivers of precipitation trends. A majority of observations
show that the negative trend in NHLM precipitation is mostly
due to dynamic changes (i.e., DPdyn) through a shift in the
atmospheric circulation (i.e., DPshift) (Fig. 3a), as also shown
in Huang et al. (2019). Thermodynamic changes (i.e., DPtherm)
and nonlinear changes (i.e., DPcross) are negligible (Fig. 3a).
There are discrepancies among observations regarding the
mechanisms at play, with PRECL showing a stronger role of
thermodynamic changes and a weaker role of dynamic
changes than the other datasets (Fig. 3a).

In CMIP6 historical simulations, the decrease in NHLM
precipitation is mostly due to a shift in the circulation (Fig. 3c;
DPdyn and DPshift), while thermodynamic terms are of moder-
ate intensity (Fig. 3c; DPtherm and DPadv). This is consistent
with the observations. The AA forcing is associated with a
decrease in precipitation over the Northern Hemisphere (Fig.
2a), through a shift of the atmospheric circulation and a
decrease in moisture advection (Fig. 3e), consistent with the
behavior of CMIP5 models shown by Zhou et al. (2020).
There is a slight strengthening of the tropical mean circulation
that brings a significant amount of precipitation over land
(i.e., DPweak), but the combination of the decrease in moisture
advection and the change of the tropical mean circulation
leads to a slight decrease in precipitation (i.e., DPweakadv).
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Changes in GHG concentrations are associated with an
increase in NHLM monsoon precipitation (Fig. 2a). It allows
for increasing moisture content in the air (i.e., Clausius-
Clapeyron) and therefore strengthening advection (i.e., DPadv)
(Fig. 3g). Meanwhile, the warming of the ocean is associated

with a weakening of the atmospheric circulation (i.e., DPweak)
(Fig. 3g). These changes are significantly negatively correlated
and oppose each other (i.e., DPweakadv is rather low), obscuring
the positive effect of the increase in moisture advection on pre-
cipitation. Opposing effects of dynamic and thermodynamic

FIG. 3. Trends in NHLM precipitation terms (DPtherm, DPdyn, DPweak, DPshift, DPadv, DPres, DPshiftres, and DPweakadv

plotted from left to right in each panel; mm day21 yr21) in MJJAS and for (a),(b) observations (GPCC, CRU, UDEL,
and PRECL), (c),(d) historical simulations, (e),(f) anthropogenic aerosol only simulations, (g),(h) GHG-only simula-
tions, and (i),(j) natural forcing only simulations. Results are given for the (a),(c),(e),(g),(i) 1950–80 trend and
(b),(d),(f),(j) 1980–2014 trend. GPCC, CRU, UDEL, and PRECL are shown with a cross, a triangle, a square, and a
diamond, respectively. Box-and-whisker plots are for trends in NHLM precipitation in CMIP6 simulations. The plots
show the 25th, 50th, and 75th percentiles (represented by the boxes) and the maximum and minimum values (shown
by the extent of the whiskers).
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changes are consistent with previous studies (Kitoh et al. 2013;
D’Agostino et al. 2019, 2020; Monerie et al. 2020a; Zhou et al.
2020). Natural forcings are not associated with substantial
changes in NHLM precipitation (Fig. 2a) and precipitation
components show only small trends (Fig. 3i).

c. Decomposing trends in NHLM monsoon
precipitation (1980–2014)

In observations, the 1980–2014 increase in NHLM precipi-
tation is associated with both an increase in specific humidity
(i.e., DPtherm) and changes of the atmospheric circulation (i.e.,
DPshiftres) (Fig. 3b). Increases in moisture advection are par-
tially obscured by the large-scale weakening of the tropical
mean circulation, leading to positive precipitation anomalies
due to DPweakadv. Shifts in atmospheric circulation (i.e.,
DPshiftres) allow NHLM precipitation to increase.

In CMIP6 historical simulations, the positive precipitation
trend is mostly due to thermodynamic changes (moisture
advection), but which are partially counteracted by a weaken-
ing of the mean tropical circulation (Fig. 3d). Trends in
NHLM precipitation components are similar in historical
(Fig. 3d) and hist-GHG (Fig. 3h) simulations, showing a
strong control of the GHG forcing on NHLM precipitation
after 1980. The AA effect on the 1980–2014 NHLM

precipitation trend is moderate (Fig. 3f). However, strong
effects of AA emissions are shown on regional scales (Fig. S4)
with, for instance, an increase in northern African precipita-
tion and a decrease in South and East Asian precipitation,
through shifts of the atmospheric circulation. The 1980–2014
trend in NHLM precipitation is not significantly affected by
natural external forcings (Fig. 3j).

4. Trends in precipitation, wind, and temperature

Section 4 focuses on trends in regional summer monsoon
precipitation. We assess drivers of summer monsoon precipi-
tation trends and assess regional trends in temperature and
the lower-tropospheric circulation.

a. Observations: 1950–80

In the 1970s and 1980s a large drought hit the Sahel
(Nicholson 2013), through a weakening of the low-level west-
erlies and moisture flux convergence (Fig. 4a). The decrease in
northern African precipitation is associated with a southward
shift of the intertropical convergence zone (ITCZ) over the
Atlantic Ocean (Knight et al. 2006). Precipitation decreases
over eastern India from 1950 to 1980, through a weakening of
the Indian monsoon circulation (Fig. 4a) (Huang et al. 2020).
Over the same period, precipitation decreases over eastern

FIG. 4. Trends in precipitation (mm day21 yr21; colors) and 850-hPa wind (m s21 yr21; arrows) from 1950 to 1980 in
MJJAS. Trends are shown for each grid point and (a) for the observation/reanalysis (GPCC and NCEP), for the
ensemble mean of the (b) historical, (c) hist-AER, (d) hist-GHG, and (e) hist-NAT, and (f) for the residual between
the historical simulations and the sum of all forcings. Stippling indicates that precipitation trends are significant at the
95% confidence level according to Student’s t test.
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China, due to a weakening of the southwesterly monsoon flow
(Fig. 4a).

The observed weakening of the interhemispheric tempera-
ture gradient (Friedman et al. 2013) causes monsoon circula-
tions to weaken globally (Fig. 5a) and to shift southward
(Figs. 3a and 4a). These changes are due to a decrease in the
southward cross-equatorial energy flux that can be interpreted
as a southward shift of the Hadley circulation, as shown in
Biasutti et al. (2018). The aforementioned anomalies result in
a decrease in large-scale monsoon precipitation (Fig. 4a).
Regional changes in temperature also contribute to the nega-
tive trend in precipitation. The cooling of the North Atlantic
temperature is reminiscent of a negative phase of the Atlantic
multidecadal variability (AMV) (Knight et al. 2006; Krishna-
murthy and Krishnamurthy 2014; Luo et al. 2018; Monerie
et al. 2019). The negative phase of the AMV and anomalously
cold Mediterranean SSTs (Fig. 5a) have been associated with
a weakening of the atmospheric circulation over West Africa,
and with a decrease in Sahel precipitation (Martin and Thorn-
croft 2014; Rowell 2003; Park et al. 2016; Fontaine et al.
2011). The weakening of the land–sea thermal gradient, with
a stronger decrease in surface air temperature over the sub-
tropical Asian latitudes than over the Indian Ocean, also con-
tributes to push the monsoon circulation southward (Fig. 5a)
(Jin andWang 2017).

b. CMIP6 simulations: 1950–80

CMIP6 models simulate a moderate 1950–80 drying trend
over northern Africa, with a weakening of the westerlies over
the tropical Atlantic Ocean and West Africa (Fig. 4b). All
models underestimate the drying trend over northern Africa,
and the low values shown in Fig. 4b are not the result of can-
cellations in the MMM (Fig. S5). Models simulate a drying
over eastern India, and substantial drying over Southeast
Asia, in line with a weakening of the southwesterlies (Fig.
4b). CMIP6 climate models are therefore able to reproduce
changes in observed precipitation over several monsoon
domains. However, the models do not reproduce the large
observed increase in Amazonian precipitation (Fig. 4b). We
relate the decrease in NHLM and its NAF, SAS, and EAS
subdomains to the decrease in surface air temperature over
Europe and Asia, and to the weakening of the interhemi-
spheric temperature contrast (Fig. 5b).

Single-forcing simulations reveal that increases in AA emis-
sions are associated with a southward shift of the ITCZ, and
with a drying over northern Africa, India, and East China,
along with a weakening of the low-level winds (Fig. 4c and
Fig. S4). AA emissions are associated with a strong cooling of
the Northern Hemisphere, weakening the interhemispheric
temperature contrast [as also seen in Friedman et al. (2020)],
and weakening the monsoon circulations (Ackerley et al.

FIG. 5. Trends in surface air temperature (K yr21; colors) and 850-hPa wind (m s21 yr21; arrows) from 1950 to 1980
in MJJAS. Trends are shown for each grid point (a) for the NCEP, for the ensemble mean of the (b) historical,
(c) hist-AER, (d) hist-GHG, and (e) hist-NAT, and (f) for the residual between the historical simulations and the sum
of all forcings. Stippling indicates that precipitation trends are significant at the 95% confidence level according to Stu-
dent’s t test.
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2011; Wang et al. 2012) (Fig. 5c). In addition, the large-scale
cooling induced by AA emissions reduces moisture advection,
decreasing precipitation over the tropics (Fig. 3e).

The increase in GHG concentrations affects East Indian
and Chinese precipitation (Fig. 4d) and the tropical Atlantic
Ocean. The increase in GHGs is associated with an increase
in surface air temperature, and a strengthening of the large-
scale land–sea thermal contrast, explaining a strengthening of
the low-level westerlies over the Indian Ocean (Fig. 5d) and
the increase in Indian precipitation.

Natural forcing does not lead to significant changes in tropi-
cal precipitation, except over northeast China, where an
increase in precipitation is seen (Fig. 4e). Natural forcing is
also associated with a cooling over the north and the eastern
Pacific Ocean and the tropical South Atlantic Ocean, suggest-
ing forcing by the solar cycle and volcanic activity on Pacific
and Atlantic SSTs (Fig. 5e), as proposed in Meehl et al. (2009).
Natural forcing also leads to a surface cooling over East Asia
and China. While we show no strong effects of natural forcing
on decadal trends in summer monsoon precipitation, we
acknowledge that previous studies have shown substantial
effects of the volcanic activity, with reduced precipitation over
the Northern Hemisphere in the year that follows specific vol-
canic eruptions (Haywood et al. 2013; Liu et al. 2016; Jacobson
et al. 2020; Herman et al. 2020). We show interannual anoma-
lies in summer monsoon precipitation associated with the NAT
effect (Fig. S6) and confirm effects of El Chichón (1982) and

Pinatubo (1991) on NHLM and NAF summer monsoon pre-
cipitation, as shown in Herman et al. (2020).

In summary, we suggest that the observed drying of the NH
is associated with the increase in global AA emissions, which
is the dominant driver of the weakening of the interhemi-
spheric temperature contrast (offsetting the GHG effect)
(Friedman et al. 2013, 2020; Polson et al. 2014; Allen et al.
2015). The effect of AA emissions on the interhemispheric
temperature contrast allows circulation to shift (Fig. 3e) and
the large-scale cooling is associated with a weakening in mois-
ture advection (Fig. 3e). However, we show further in Figs. 4f
and 5f that the decomposition of the AA, GHG, and NAT
forcings does not account for the full response of historical
simulations, with a residual that has a magnitude comparable
to the historical trends. Therefore, we acknowledge that one
cannot fully quantify the respective effects of AA, GHG, and
NAT forcings from the historical CMIP6 model simulations
and their DAMIP counterparts.

c. Observations: 1980–2014

West African monsoon precipitation experienced a limited
recovery after the drought of the 1970s and 1980s (Fig. 6a;
Sanogo et al. 2015), along with a strengthening of the wester-
lies and a northward shift of the monsoon circulation (Fig.
6a). Precipitation decreased over South America, in line with
a weakening of the easterlies and a northward shift of the
ITCZ over the Atlantic Ocean (Knight et al. 2006). Observed

FIG. 6. As in Fig. 4, but for the 1980–2014 trends.
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precipitation increased over northern India and much of East
Asia (Fig. 6a) through a strengthening of the low-level winds.

The observed temperature increased strongly over the
Northern Hemisphere, strengthening the land–sea and inter-
hemispheric thermal contrasts and pushing the monsoon

circulation northward (Jin and Wang 2017; Wang et al. 2012)
(Fig. 7a). In addition, internal variability (negative phase of
the IPO and positive phase of the AMV; Fig. 7a) has contrib-
uted to the increase in Sahel and Indian precipitation (Huang
et al. 2020; Monerie et al. 2019).

FIG. 7. As in Fig. 5, but for the 1980–2014 trends.

FIG. 8. Trends in NHLM precipitation (mm day21 yr21) over the periods (a) 1950–80 and (b) 1980–2014, in MJJAS.
Four observations are used: GPCC, CRU, UDEL, and PRECL. The black cross indicates the CMIP6 ensemble mean
for the historical simulations (HIST), the anthropogenic aerosols–only simulations (AA), GHG-only simulations
(GHG), and natural forcings–only simulations (NAT). The gray shading indicates the spread, defined from the ensem-
ble standard deviation. A different marker is used for each model and all simulated trends are displayed (three mem-
bers for each model).

M ONER I E E T A L . 231515 APRIL 2022

Unauthenticated | Downloaded 09/19/23 09:49 AM UTC



d. CMIP6 simulations: 1980–2014
Climate models simulate an increase in NHLM precipita-

tion since 1980 (Fig. 2a), with a strengthening of both north-
ern African and Asian monsoon circulations (Fig. 6b) because

of a strengthening of the interhemispheric temperature con-
trast (Fig. 7b).

The increase in land–sea thermal contrast is due to the
increase in GHG concentrations (Fig. 7d), allowing both

FIG. 9. Model dendrogram from CMIP6 simulations on the MJJAS trends in the (left) 1950–80 and (right) 1980–2014
periods that are associated with (a),(b) AA effect and (c),(d) GHG effect (eight models and three members for each model).
Results are shown as a dendrogram [a hierarchical clustering of the pairwise distance matrix for precipitation; see section
2c(4)]. Simulations on the same branch simulate similar patterns in precipitation changes. Each model is shown with a color.
In model names, r1, r2, and r3 indicate the first, second and third ensemble member used, respectively, for each model.
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Indian and northern West African monsoon precipitation to
increase (Fig. 6d), as seen in the context of a warming climate
(Sandeep and Ajayamohan 2015; Chadwick et al. 2019). The
decrease in European AA emissions is associated with an
increase in NAF precipitation (Fig. 6c), due to a warming
over Europe and the Mediterranean Sea (Fig. 7c), which
allows the northerlies to strengthen (Fig. 1b), as documented
in Dong et al. (2016a) and Park et al. (2016). The increase in
Indian and Chinese AA emissions (Fig. 1b) is associated with
cooling over land (through reducing the net surface radiative
heat flux; not shown), weakening of the land–sea thermal con-
trast, weakening the low-level wind (Fig. 7c), and reducing
precipitation (Fig. 6c) (Bollasina et al. 2011, among others).
We note a strengthening of the 850-hPa wind over the equato-
rial and northern Indian Ocean in both observation (Fig. 6a)
and CMIP6 historical simulations (Fig. 6b). The strengthening
of the 850-hPa wind over the equatorial and northern Indian
Ocean is due to both the reduction in AA emissions (Fig. 6c)
and the increase in GHG concentration (Fig. 6d). The reduc-
tion in AA emissions is associated with a strengthening of the
northerlies, from the eastern Indian Ocean to western India,
favoring precipitation over western India (Fig. 6c). The
strengthening of the Indian equatorial easterlies is associated
with both changes in large-scale circulation and with enhance-
ment and suppression of deep convection over the western
and eastern Indian Ocean, respectively (not shown).

Changes in natural forcing are associated with a significant
increase in precipitation over northern India (Fig. 6e),
because of a warming of the Asian subtropics (Fig. 7e).

In summary, we note that the single-forcing simulations sug-
gest that the simulated recovery in NAF precipitation is due to
a combination of AA and GHG forcing with a large contribu-
tion from the residual term, while the East Asian drying is

dominated by AA. The Indian precipitation increase appears
to be mainly the result of GHG and NAT forcing. Trends are
statistically significant, showing robust AA and GHG effects
on monsoon precipitation throughout the twentieth century.
However, just as for the 1950–80 period, the single forcing sim-
ulations do not account for the full magnitude of trends found
in the historical simulations (Figs. 6f and 7f).

5. Uncertainties in precipitation trends

We found a large intermodel spread in trends in NHLM
precipitation components (Fig. 3). We explore in this section
the causes of uncertainty in simulating effects of external forc-
ings on monsoon precipitation.

a. Total uncertainty across the CMIP6 ensemble

Figure 8 shows trends in NHLM precipitation for each ensem-
ble member of each model. CMIP6 climate models successfully
simulate trends in NHLM precipitation of similar intensity to the
observations, exhibiting a drying from 1950 to 1980 (Fig. 8a) and
getting wetter from 1980 to 2014 (Fig. 8b). However, uncertain-
ties are high for each period and for the effects of each forcing,
and individual model realizations can show either increases or
decreases in precipitation, so that some ensemble members pro-
duce trends of opposite sign to the observations. The magnitude
of the observed trends in precipitation are also dependent on the
observational datasets used, particularly for 1980–2014. We note
that uncertainties are stronger when considering the regional
monsoon domains, because the Northern Hemisphere area aver-
age reduces the intermodel spread (Fig. S5).

Uncertainty in the effects of anthropogenic factors could
arise due to differences in model formulations (Wilcox et al.
2015), including their representations of aerosol–cloud

FIG. 10. (a) Spread in precipitation trends (standard deviation; in mm day21 yr21) defined from the ensemble means
of 100 000 ensembles of n members from the CanESM5 large ensemble, with n ranging from 1 to 30. (b) Reduction in
the spread (in %), relative to the spread across 100 000 ensembles of 1 member. The nmembers are selected randomly
in a Monte Carlo approach and selected from CanESM5, using 100 000 permutations. Results are given for the AA
effect (orange) and GHG effect (gray) single-forcing experiments and for both 1950–80 (continuous line) and
1980–2014 periods (dotted line).
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interactions and aerosol–radiation interactions, which affect
both the magnitude and distribution of forcing. Uncertainty
could also be due to the effects of internal climate variability,
which is expected not to be in phase between simulations,
leading to differences between simulations in trends in
precipitation.

b. A strong effect of internal variability across the
CMIP6 ensemble

We verify whether results are model-dependent (i.e.,
whether the uncertainty is due to the model uncertainty), or
not (i.e., uncertainty is due to the internal climate variability
uncertainty), by grouping simulations according to their pat-
terns of precipitation change. We classified trends in monsoon
precipitation using a hierarchical clustering algorithm [see
section 2c(4)]. In the dendrogram, the position at which two
simulations are connected explains their degree of similarity

in patterns of monsoon precipitation trend agreement
(Fig. 9).

We first describe the results for the AA effect over the
period 1950–80. Figure 9a shows that all ensemble members
of CanESM5 are in a single cluster, and all ensemble mem-
bers of FGOALS-G3 are also in a single cluster, but different
from CanESM5. Therefore, we can conclude that differences
in precipitation trends between CanESM5 and FGOALS-G3
are unlikely to be due to internal climate variability, but
rather result from differences in model formulation.

However, one cannot clearly see differences between most
of the climate models (e.g., CNRM-CM-1, IPSL-CM6A-LR,
BCC-CSM2-MR) due to the effects of internal climate vari-
ability. We reach a similar conclusion for the period
1980–2014 but note that the exact structure of the dendro-
gram is sensitive to the period we have used (Fig. 9b). The
same picture is drawn when also considering the GHG effect,

FIG. 11. Ensemble-mean in precipitation trends (mm day21 yr21) in MJJAS for (a),(b) NHLM, (c),(d) NAM, (e),(f) NAF, (g),(h) SAS,
and (i),(j) EAS monsoon domains, associated with the AA and GHG effects. Trends are computed over the periods (a),(c),(e),(g),(i)
1950–80 and (b),(d),(f),(h),(j) 1980–2014. The marker indicates the ensemble mean and the vertical lines the ensemble standard deviation.
Results are given for three models: CNRM-CM6-1 (green; 10 members), IPSL-CM6A-LR (blue; 10 members), and CanESM5 (orange;
30 members).
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and over both periods (Figs. 9c,d). This result highlights that a
large portion of the full uncertainty in precipitation shown in
Fig. 8 is due to internal climate variability.

c. Model uncertainty

1) DEFINING A LARGE ENSEMBLE

Each model realization produces internal climate variabil-
ity, but this variability is unlikely to be in phase across a num-
ber of ensemble members. Therefore, the ensemble mean
reduces the effects of internal climate variability on our
results (Deser et al. 2012). SMILEs thus allow a more faithful
representation of the true variance explained by internal vari-
ability, while the ensemble can allow assessment of the effects
of external forcing on an individual model. However, in
CMIP6 only a limited number of DAMIP ensemble members
are available for most of the climate models (i.e., a maximum
of three members), while 10 simulations are available for
IPSL-CM6A-LR and CNRM-CM6-1, and 30 simulations for
CanESM5, and for both hist-AER and hist-GHG simulations.

For further analysis we first assess the minimum ensemble
size that is required to extract the AA effects on NHLM pre-
cipitation. To do so, we make use of the largest ensemble
(CanESM5) to resample trends in NHLM precipitation, ran-
domly defining an ensemble of n members (with n ranging
from 1 to 30), with 100000 permutations. Results show that

the inter-ensemble spread is reduced when the ensemble size
is increased (i.e., by increasing n) (Fig. 10a). The ensemble
spread of ensembles of three ensemble members is relatively
high. Therefore, using only three ensemble members is
expected to provide a misleading representation of the AA
and GHG effects on monsoon precipitation (Fig. 10a), for a
given model. The inter-ensemble spread decreases less
strongly when increasing the ensemble size once n . 10
(Fig. 10a). An ensemble of 10 simulations enables a reduction
of the inter-ensemble spread by up to 75% (Fig. 10b), com-
pared to ensembles of only one simulation, increasing confi-
dence in extracting the forced response to AA and GHG
simulated by a model. We hence use the climate models for
which at least 10 simulations are available, judging them to
have large enough ensembles to provide a fair representa-
tion of ensemble spread and of AA and GHG effects (i.e.,
CanESM5, IPSL-CM6A-LR, and CNRM-CM6-1).

2) MODEL UNCERTAINTY IN MONSOON

PRECIPITATION TRENDS

We confirm that the decrease in NLHM, SAS, and EAS
precipitation due to the increase in AA emissions is robust in
individual climate models (Figs. 11a,b,g–j). However, NAF
(Fig. 11f) and NAM precipitation trends are uncertain
(Fig. 11d) because of high intermodel differences. The effects
of GHG are almost always associated with an increase in

FIG. 12. Trends in precipitation (mm day21 yr21; colors) and surface wind (m s21 yr21; arrows) in MJJAS in hist-
AER. Trends are shown for (a) IPSL-CM6A-LR, (b) CNRM-CM6-1, and (c) CanESM5 ensemble means, for the
period 1950–80. (d)–(f) As in (a)–(c), but for the period 1980–2014. Hatching indicates that precipitation trends are sig-
nificant at the 95% confidence level according to Student’s t test.
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precipitation (e.g., NHLM, NAF, SAS, and EAS; Fig. 11), but
with no change or a decrease in precipitation over North
America (Figs. 11c,d).

The magnitude of internal climate variability is similar in
CanESM5 to the other models, suggesting that a reduced
ensemble of 10 members is potentially able to well capture
this behavior. The ensemble spread is high for each model
and each monsoon domain, showing a strong effect of inter-
nal climate variability on the simulated trends in precipita-
tion. For NHLM precipitation, differences between models
are not substantially stronger than internal climate variabil-
ity (Figs. 11a,b). In addition to documenting the model
uncertainty, SMILEs and single forcings experiments pro-
vide the opportunity to address the origin of the trends in
monsoon precipitation. Figure 11 shows that the AA effect
is stronger than internal climate variability (as seen by an
ensemble mean that is stronger than the inter-ensemble
spread), suggesting a strong control of AA emissions on the
observed 1950–80 drying trend in NHLM, SAS, and EAS
precipitation. However, the GHG effect is more uncertain,
not exceeding the ensemble spread.

Over the NAF monsoon domain, CNRM-CM6-1 is an out-
lier in simulating effects of AA emissions, producing no
change in precipitation over the period 1950–80 (Fig. 11e) and
a strong change in precipitation over the period 1980–2014
(Fig. 11f). Unlike IPSL-CM6A-LR and CanESM5 (Figs.
12a,c), CNRM-CM6-1 does not simulate a southward shift of
the ITCZ over West Africa and over the period 1950–80 (Fig.
12b), explaining the moderate change in NAF precipitation

(Fig. 11e). We suggest this reduced shift of ITCZ location to
be due to the cooling of the tropical Atlantic Ocean in
CNRM-CM6-1 and that, unlike the other models, CNRM-
CM6-1 does not produce a weakening of the cross-equatorial
Atlantic temperature contrast (Figs. 13a–c), which is one of
the drivers of the West African monsoon (Biasutti 2019). This
difference arises from the response of AA emissions to
downwelling surface shortwave radiation, which is reduced
over the North Atlantic Ocean in both IPSL-CM6A-LR and
CanESM5, but whose anomalies are not significant in
CNRM-CM6-1 (Fig. S6). Over the period 1980–2014, precipi-
tation increases over northern Africa in all models, but the
change is stronger in CNRM-CM6-1 than in the two other
models (Fig. 12e), along with a stronger change in the low-
level westerlies. We hypothesize that this difference arises
from the strong warming of the subtropical North Atlantic
Ocean, which is not simulated by the two other models, and
which has previously been associated with an increase in
northern African precipitation (Dunstone et al. 2011) (Figs.
13d–f). In CNRM-CM6-1, the warming of the extratropical
North Atlantic Ocean is associated with a significant increase
in downwelling surface shortwave radiation, because of a
decrease in AA particles (Fig. S7).

The model uncertainty stands out when considering
regional trends in precipitation for each grid point. For
instance, the effects of AA emissions on SAS precipitation
are relatively similar among models (Fig. 11h), but IPSL-
CM6-A-LR simulates a strong decrease in precipitation over
India (Fig. 12d), while CNRM-CM6-1 simulates a decrease

FIG. 13. As in Fig. 12, but for surface air temperature (K yr21).
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over eastern India and southern China (Fig. 12e), and
CanESM5 over Southeast Asia only (along with an increase
over India) (Fig. 12f).

CanESM5 simulates a stronger effect of GHG on NAF,
EAS, and SAS precipitation than do IPSL-CM6A-LR and
CNRM-CM6-1 (Figs. 11e,f). This is due to greater strengthen-
ing of the low-level wind (Figs. 14c,f) and of the interhemi-
spheric temperature gradient in CanESM5 (Fig. 15).

Section 5 shows that effects of external forcing are model
dependent over the NAF and SAS monsoon domains, due to
differences in their effects on regional changes in tempera-
ture. This stresses the need for a better understanding of the
effects of external forcings on monsoon precipitation, and on
causes of uncertainties among models.

6. Conclusions

We explore the Northern Hemisphere land monsoon pre-
cipitation trends over two periods: 1950–80, when global emis-
sions of anthropogenic aerosols rapidly increased, and
1980–2014, when U.S. and western European emissions
decreased while Asian emissions continued to increase. His-
torical CMIP6 simulations were used to assess model perfor-
mance in simulating the monsoon precipitation, and single
forcing simulations from DAMIP (Gillett et al. 2016) were
used to quantify the relative influences of anthropogenic

aerosols, greenhouse gases, and natural forcings on the mon-
soon precipitation trends. We unraveled physical drivers of
summer monsoon precipitation trends by decomposing pre-
cipitation anomalies into dynamic and thermodynamic com-
ponents, following Chadwick et al. (2016). This is the first
application, to our knowledge, of this decomposition tech-
nique for attributing drivers of multidecadal change in the
monsoon domains.

While the physical complexity of climate models has
increased since CMIP5, CMIP6 models are not appreciably
different from CMIP5 models in their simulation of tropical
precipitation on different temporal and spatial scales (Fiedler
et al. 2020). We showed that models are generally biased dry
and underestimate the extent of the monsoon domains. We
acknowledge that systematic biases seen in the CMIP6 models
is a source of uncertainty for simulating effects of external
forcings on monsoon precipitation. This is particularly true
for SAS precipitation because of the strong dry bias in Indian
precipitation.

We showed that climate models qualitatively reproduce
the observed multidecadal evolution of the NHLM precipi-
tation: precipitation decreases from 1950 to 1980 and
increases afterward. Although low-frequency variability in
monsoon precipitation has previously been associated with
internal climate variability (Martin and Thorncroft 2014;
Monerie et al. 2019; Huang et al. 2020; Wang et al. 2017), we

FIG. 14. Trends in precipitation (mm day21 yr21; colors) and surface wind (m s21 yr21; arrows) in MJJAS in hist-
GHG. Trends are shown for (a) IPSL-CM6A-LR, (b) CNRM-CM6-1, and (c) CanESM5 ensemble means, for the
period 1950–80. (d)–(f) As in (a)–(c), but for the period 1980–2014. Stippling indicates that precipitation trends are sig-
nificant at the 95% confidence level, and according to Student’s t test.
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show that anthropogenic forcings partly drive decadal
trends in NHLM, West African, and Indian monsoon
precipitation:

• The decrease in NHLM precipitation is associated with
increases in AA emissions, leading to a decrease in precipi-
tation over northern Africa and Asia from 1950 to 1980,
through a weakening of the interhemispheric temperature
contrast and shifts of the monsoon circulations. The
decrease in NHLM precipitation due to AA is partly coun-
teracted by the increase in GHG concentration through an
increase in specific humidity and a strengthening of mois-
ture advection.

• The increase in NHLM precipitation is mostly associated
with the increase in GHG concentrations because of an
increase in global mean surface air temperature and in spe-
cific humidity and a strengthening of moisture advection.
The moisture advection is partly counteracted by a weaken-
ing of the tropical mean circulation.

• After 1980, European anthropogenic aerosol emissions
decreased, leading to a substantial increase in NAF precipi-
tation by increasing temperature over northern Africa and
the Mediterranean Sea. In the meantime, Asian emissions
continued to increase, leading to a decrease in SAS and
EAS precipitation, by reducing land–sea contrasts in
temperature.

• Both 1950–80 negative and 1980–2014 positive trends in
precipitation are mostly due to dynamic changes of the
atmospheric circulation, specifically through shifts in the
monsoon circulations. After the 1980s, thermodynamic

changes also contribute to the increase in precipitation,
through moisture advection over land.

• In addition to the CMIP6 ensemble, we employed three
single-model initial-condition large ensembles (SMILEs).
SMILEs show that the AA effect emerges from internal cli-
mate variability over the period 1950–80. Results suggest
that AA emissions are one of the main drivers in NHLM,
SAS, and EAS precipitation trends.

Trends in monsoon precipitation are uncertain among cli-
mate models. We show, by decomposing precipitation anoma-
lies, that these uncertainties primarily result from the
simulation of changes in atmospheric patterns and circulation.

We suggest that the typical ensemble of three members for
each climate model, as provided by CMIP6, can lead to an
uncertain representation of the true effects of anthropogenic
aerosol emissions in a given climate model, as well as underes-
timating the magnitude of internal variability. Therefore, we
stress that SMILEs would be required to capture the response
of a climate model to changes in anthropogenic aerosol
emissions, and to allow a faithful representation of internal
variability. We explore the relative contributions of internal
variability and model structural uncertainty using three
SMILEs, allowing a first attempt at quantifying model
uncertainty in the large ensemble framework: CanES-
M5,IPSL-CM6A-LR, and CNRM-CM6-1. The three models
disagree on the pattern in precipitation change over the
tropics. We show these differences to be due to the intermo-
del spread in temperature trends, due to differences in the
effects of AA on changes in downwelling shortwave

FIG. 15. As in Fig. 14, but for surface air temperature (K yr21).
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radiation over the North Atlantic Ocean. Generally, CanESM5
is more sensitive than IPSL-CM6A-LR and CNRM-CM6-1 to
the increase in GHG concentrations and simulates stronger
changes in tropical precipitation over both the 1950–80 and
1980–2014 periods. The climate models that participated in
DAMIP draw on the same GHG and AA emissions. The funda-
mental differences noted between climate model simulations
(i.e., changes in large-scale temperature gradients and over the
tropical Atlantic Ocean and the Indian Ocean) are therefore due
to differences in physical parameterizations between climate
models.

We show that AA effects on NHLM precipitation emerge
between 1950 and 1980, whereas those of GHG are more
uncertain. Regionally, the AA effects on SAS and EAS precipi-
tation emerge over the twentieth and early twenty-first century
for the majority of models (two out of three SMILEs), while
the GHG effects are moderate and do not emerge. We high-
light deficiencies in attributing local changes in tropical precipi-
tation to the AA, GHG, and NAT forcing, which could be due
to strong nonlinearities between effects of the forcing. How-
ever, we show some consistency between SMILEs and the
CMIP6 ensemble in their simulated trends in precipitation,
showing that AA emissions contribute substantially to decadal
trends in monsoon precipitation. AA and GHG effects are
model dependent within the CMIP6 ensemble, and we stress
the need for a better understanding of differences between cli-
mate models at simulating changes in temperature that are due
to changes in external forcings, at both regional and global
scales. Changes in AA emissions can counteract or exacerbate
effects of GHG increases, depending on the time period consid-
ered. Reducing the model uncertainty associated with the AA
effect could lead to a better estimation of future changes in
monsoon precipitation, particularly for the near-term decades
in which aerosol emissions are changing rapidly.
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