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Abstract
The Asian summer monsoon (ASM) affects more than one-third of the world’s population due to its close connection with 
floods, droughts thus water resources in densely populated Asian countries. The effects of aerosols emitted in remote regions 
on the ASM, in contrast to local emissions, remain largely unclear. Here we demonstrate through a hierarchy of climate 
models that aerosol emissions from the central African wildfires could strengthen the circulation of the ASM (South Asian 
Monsoon in particular), increase precipitation over South Asia and reduce precipitation immediately north and south of it. 
The enhanced latent heating over South Asia provides a critical positive feedback to the initial strengthening of monsoon 
westerlies associated with wildfire-driven anomalous Rossby wave source. The atmospheric dynamical bridge discovered 
here effectively connects African biomass burning with hydroclimate variability over East Asia in boreal summer and offers 
a new source of monsoon predictability across a range of timescales.
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1  Introduction

The Asian summer monsoon (ASM) (Fig. 1a) exhibits vari-
ability across a wide range of temporal scales (Lau et al. 
2000) with atmospheric aerosols being one of the impor-
tant factors contributing to such variability. Aerosols do so 
through directly absorbing and scattering solar radiation 
and indirectly modifying the microphysical and optical 
properties of clouds (Twomey 1977; Albrecht 1989; Ack-
erman et al. 2000; Rosenfeld et al. 2008). The associated 
changes of atmospheric heating structure result in a vari-
ety of ASM responses. For example, black carbon (BC) 
absorbs solar radiation and heats the atmosphere. Depend-
ing on the altitude of its presence, BC could strengthen or 
weaken atmospheric convection (Chung and Zhang 2004). 

Earlier observational and modeling studies revealed that this 
effect might contribute to the long-term trends of flooding 
(drought) in the southern (northern) China (Menon 2002; 
Jiang et al. 2013), and strengthen the South Asian monsoon 
circulation during the early-monsoon season due to the 
BC accumulation in the northern India near the Himalayas 
referred to as the “elevated heat pump” (EHP) (Lau et al. 
2006, 2008; Lau and Kim 2006). Correspondingly, “solar 
dimming” (Stanhill and Cohen 2001; Liepert 2002) related 
to both absorbing and scattering aerosols may lead to the 
cooling of land surface, reduce the boreal summer land-sea 
thermal contrast, and ultimately inhibits the monsoon cir-
culation over both East Asia (Qian et al. 2011; Song et al. 
2014) and South Asia (Ramanathan et al. 2005; Chung and 
Ramanathan 2006; Bollasina et al. 2011).

Several modeling studies have argued that the collective 
opposing effects of EHP and solar dimming are responsible 
for an earlier onset of ASM, i.e., the intensified pre-monsoon 
rainfall and inhibited total precipitation during the monsoon 
season (Lau and Kim 2007; Meehl et al. 2008; Collier and 
Zhang 2009; Bollasina et  al. 2013). While most earlier 
work focused on the impacts of local aerosols on atmos-
pheric circulation, the effects of aerosols of remote origins 
were also highlighted in a few modeling studies (Cowan 
and Cai 2011; Ganguly et al. 2012). The key argument is 
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that remote aerosols can modify atmospheric diabatic heat-
ing and consequently excite large-scale atmospheric distur-
bances that propagate to downstream regions (Ming et al. 
2010, 2011; Ming and Ramaswamy 2011). For example, it 
has been shown in an idealized model setting that the zon-
ally asymmetric response to the uniform aerosol forcing is 
closely linked to the Rossby waves excited by anomalous 
atmospheric heating over the tropical Eastern Pacific (Ming 
et al. 2011). The relative roles of local versus remote aerosol 
forcing on the ASM still remain controversial. Specifically, 
non-local aerosols may contribute to the intensified rainfall 
over India favoring an earlier monsoon onset in June and 
increase rainfall over the northwestern India (Bollasina et al. 
2014). A new modeling study looking at different aerosol 
species found that non-local sulfur dioxide aerosols account 
for about 75% of the simulated rainfall decease over India 
(Guo et al. 2016). The impacts of West Asian and Arabian 
dust particles on the ASM have also been noted (Vinoj et al. 
2014; Solmon et al. 2015).

Biomass burning, mostly accounted for by wildfires, acts 
as a major source of aerosol emission across the globe. Fig-
ure 1b shows the global wildfire occurrences between July 
10th and 19th in 2013 based on the NASA Moderate Reso-
lution Imaging Spectroradiometer (MODIS) product. Most 
significant biomass burnings are found over South America 
and the central and southern Africa. By analyzing projected 
changes in temperature and precipitation, recent studies have 
shown that the potential of wildfire over some regions is 
increasing under climate change associated with greenhouse 
gas forcing and these include both South America and the 
southern Africa (Running 2006; Liu et al. 2010). There are 
also quite a number of studies exploring the impact of wild-
fires on gas and aerosol emissions (Spracklen et al. 2007, 
2009; Lehsten et al. 2009; Jaffe and Wigder 2012), health 
(Finlay et al. 2012; Chen et al. 2017), radiative forcing (Ward 

et al. 2012; Jiang et al. 2016; Lu et al. 2018; Brown et al. 
2018), global and regional climate change (Viereck 1973; 
Yoshikawa et al. 2002; Jacobson 2004; Tosca et al. 2013; 
Thornhill et al. 2018; Amiri‐Farahani et al. 2020; Jiang et al. 
2020) and local weather systems (Rosenfeld 1999; Andreae 
2004; Grell et al. 2011), even though the dynamical pro-
cesses bridging local and/or remote wildfire emissions and 
regional climate remain largely unclear.

Given the tremendous impact of the ASM on nearly half 
of the world’s population and the major biomass burning 
occurring near Eurasia (e.g., central Africa wildfires), our 
study aims to answer the following two questions: Firstly, 
are there detectable effects of aerosol emissions from wild-
fires on the characteristics of the ASM including the circu-
lation and precipitation? Secondly, if there are detectable 
effects, what dynamical processes are involved? Here we 
conduct a series of climate model experiments to identify 
the potential footprints of remote wildfire aerosols left in the 
ASM circulation and rainfall pattern and to understand the 
dynamical origins of these footprints. Our results indicate 
that the inclusion of forcing from wildfire aerosols in the 
model increases the strength of the ASM circulation and 
meridionally redistributes monsoonal rainfall over East Asia. 
A dynamical bridge is proposed to explain the connection 
between African wildfires and the ASM in boreal summer.

2 � Methods

2.1 � Model and experiment design

As an atmospheric component of the Community Earth Sys-
tem Model (CESM) version 1.2, the Community Atmos-
phere Model Version 5.0 (CAM5) was used as the main 
modeling tool to extract the footprints of wildfires on the 

(a) NASA MODIS Global Fire Counts
(07/10/2013-07/19/2013)

A

C

Southern IndianOcean
Subtropical High

C

A

A

North Pacific
Subtropical High

TibetanHigh

C

(a) (b)

Fig. 1   a Schematic diagram of the ASM circulation in horizontal and 
vertical direction. b The spatial distribution of fire counts (red dots) 
between July 10th and 19th in 2013 based on the MODIS product. 

The fire counts in the central Africa (the yellow box) are much higher 
than those over other parts of the world
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ASM. In the framework of CESM, CAM5 is coupled with 
the community land model version 4.5 (CLM4.5) (Oleson 
et al. 2010). CAM5 includes improved schemes of radia-
tion, moisture turbulence (Bretherton and Park 2009), shal-
low and deep convection (Zhang and McFarlane 1995; Park 
and Bretherton 2009), and two-moment cloud macrophysics 
and microphysics (Morrison and Gettelman 2008; Gettelman 
et al. 2010). The 3-mode Modal Aerosol Model (MAM3) 
(Ghan et al. 2012) is also implemented in CAM5 to simulate 
the aerosol lifecycle. In MAM3, the aerosol mass and num-
ber mixing ratio are simulated in three lognormal modes: 
Aitken, accumulation, and coarse mode. BC and primary 
organic matter (POM) from wildfires and anthropogenic 
sources are emitted into the accumulation mode. It allows 
explicit treatment of aerosol–cloud interactions, better rep-
resentations of the aerosol direct and indirect effects and 
thus reasonable capture of the aerosol signature in CAM5 
(Liu et al. 2012). A comprehensive introduction of CAM5 
includes more detailed descriptions (Neale et al. 2010).

In this study, we conducted two sets of AMIP-type ensem-
ble experiments for the period 2001–2010 using the CAM5 
at a horizontal resolution of 2.5° × 1.9° with 26 hybrid 
sigma-pressure levels in the vertical. Each set includes 10 
ensemble members. The two sets of ensembles were forced 
by the same boundary conditions including time-dependent 
monthly sea surface temperature and sea-ice concentration 
and used the same external radiative forcing. They only dif-
fer by the aerosol emissions: one set (NO-FIRE run) consid-
ers just the anthropogenic aerosol emissions based on the 
Precursors of Ozone and their Effects in the Troposphere 
(POET) emission data; the other set (FIRE run) further 
incorporates the natural wildfire aerosol emissions based on 
the Global Fire Emissions Database, Version 3 (GFEDv3) 
(Randerson et al. 2012) besides the anthropogenic aerosol 
emissions. The initial conditions of the 10 ensemble mem-
bers were taken from 1-day model output at a 2-h interval 
(0 a.m., 2 a.m., …, 18 p.m.) from an existing CAM5 simula-
tion. To generate vertical profiles of aerosol emissions, we 
conducted offline 1-D model simulations using fire plume 
height datasets obtained from the GFED and the fire emis-
sions are distributed towards the top of a fire plume with a 
half-Gaussian shape giving maximum injection at the top 
(Freitas et al. 2010).

2.2 � Idealized GCM

The idealized GCM was also used in the study to deline-
ate and verify the response of the ASM circulation to the 
fire-induced large-scale diabatic cooling anomaly over the 
central Africa. This idealized GCM is a global, hydrostatic, 
primitive equation model based upon the spectral dynamical 
core of the NOAA GFDL Flexible Modeling System (FMS). 
All simulations were conducted at T85 horizontal resolution 

with 20 sigma levels in the vertical. Forced by Newtonian 
relaxation toward a prescribed, zonally symmetric tempera-
ture profile characteristic of the boreal summer (JJA), the 
model was first integrated for 300 days to achieve a near-
steady-state solution to realistic topography. At day 300, the 
Newtonian relaxation was turned off and replaced by the 
JJA mean, 3-dimensional diabatic heating rates derived from 
the NO-FIRE CAM5 simulations. The model flow is quasi-
steady over the period day 304–328. The model was then 
restarted from Day 304 and a large-scale cooling anomaly 
with a Gaussian shape centered about 400 hPa correspond-
ing to a maximum cooling of − 0.3 K/day was added to the 
diabatic heating field. The new model integration with the 
added “thermal perturbation” is steady in the period day 
5–36. The zonal wind, streamfunction and velocity poten-
tial averaged over day 5–29 from the “thermal perturbation” 
experiment were then subtracted by the same fields averaged 
over day 304–328 from the previous run to get the response 
of the model ASM to the prescribed cooling anomaly over 
the central Africa.

3 � Results

3.1 � Wildfire‑induced aerosol changes in the model 
experiments

Figure 2 shows the simulated 10-year mean difference of 
aerosol optical depth (AOD) (Fig. 2a) and aerosol mass con-
centration (AMC) (Fig. 2b–f) between the FIRE and NO-
FIRE cases. The most significant aerosol anomaly in terms 
of both AOD and AMC is found over the central Africa, 
especially between 5° N and 15° N. This elevated aerosol 
concentration is closely tied to wildfires occurring in this 
region and in regions south of the equator (Fig. 1b) with the 
fire emission from the Southern Hemisphere being trans-
ported northward by low-level southwesterlies of the west 
African monsoon and by southerlies/southeasterlies over 
the central Africa. The wildfire-related aerosols over the 
central Africa are mostly primary organic matters (POM) 
(Fig. 2c). Sulfate, BC, and secondary organic matters (SOM) 
also have nontrivial contributions (Fig. 2d–f). These results 
suggest that the CAM5 model has decent skills in simulating 
the wildfire-induced changes in AOD and AMC with their 
significant increases occurring over regions of elevated fire 
emissions.

3.2 � Wildfire‑induced changes in the circulation 
strength of the Asian summer monsoon

The widely accepted Webster–Yang monsoon index (WYI) 
(Webster and Yang 1992), defined as the difference of the 
zonal wind between 850 and 200 mb averaged over South 
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Asia (5° N–20° N and 40° E–110° E) is adopted as a meas-
ure of the intensity of the monsoon circulation and computed 
for each boreal summer (June–July–August, JJA) using 
in the CAM5 outputs. Figure 3 shows the climatological 
evolution of the daily WYI in JJA for both the FIRE and 

NO-FIRE run. The FIRE run is clearly characterized by a 
stronger monsoon circulation compared to the NO-FIRE run, 
especially during the peak season of the ASM (Fig. 3a). In 
terms of the JJA-mean WYI, 7 out of 10 ensemble members 
indicate the presence of a stronger monsoon in FIRE runs 

Fig. 2   Fire-induced changes in the AOD and the AMC. 10-year mean 
differences between FIRE and NO-FIRE ensembles of a AOD (areas 
significant at the 0.01 level are denoted by dots), as well as AMC of 

b all particles excluding the dust aerosols, c primary organic mat-
ters (POM), d sulfate (SO4), e black carbon (BC), and f secondary 
organic matters (SOM)
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(Fig. 3b). The ensemble-averaged WYI in JJA is about 2.5% 
higher (significant at the 0.01 level) in the FIRE run than 
that in the NO-FIRE run with the largest increase among all 
ensemble members being around 8.5%.

3.3 � Dynamics behind the wildfire‑induced 
strengthening of the monsoon circulation

The increased intensity of the monsoon circulation associ-
ated with wildfires is also evident in the 850 hPa wind field, 
a key component in the construct of the WYI. Figure 4a, c 
show the JJA-mean 850 hPa zonal and total wind in the NO-
FIRE run, respectively. The model reasonably reproduces 
the classic ASM circulation including westerlies over South 
Asia associated with the lower level cyclonic circulation, 
and the cross-equatorial monsoonal flow. Including aerosol 
emissions by wildfires lead to an acceleration of the mon-
soon westerlies (Fig. 4b) and an overall strengthening of the 
monsoon flow (Fig. 4d) over South Asia.

To understand how the westerly acceleration is achieved 
in the CAM5 simulation, we diagnose the Rossby wave 
source (RWS, Sardeshmukh and Hoskins 1988) in both the 
FIRE and NO-FIRE runs.

In Eq. (1) above, S stands for the RWS; η is the absolute 
vorticity; D is the divergence and vχ represents the velocity 
of the divergent flow that can be obtained from the velocity 

(1)S = −ηD − vχ ⋅ ∇η = −∇ ⋅ (vχη)

potential χ . S is the sum of two parts: −�D representing the 
generation of vorticity by divergence (stretching term), and 
−vχ∇̇η representing the generation of vorticity through the 
advection of absolute vorticity by the divergent flow.

Figure 4e, f shows, respectively, the fire-induced changes 
of the JJA-mean velocity potential and stream function at 
850 hPa. Wildfire emissions drive a negative velocity poten-
tial anomaly over the north-central Africa and a positive 
anomaly over the Arabian Sea (colored shading in Fig. 4e) 
projecting positively into the climatological velocity poten-
tial distribution in the NO-FIRE run (contours in Fig. 4e). 
Corresponding to such velocity potential anomalies are 
anomalous divergent westerlies centered about 15° N (black 
arrow in Fig. 4e). As shown in Fig. 4f, the anomalous diver-
gent westerlies effectively produce a positive anomalous 
(FIRE minus NO-FIRE) RWS over Arabian Sea through the 
stretching term in Eq. (1), more specifically, through a com-
bination of the positive climatological (NO-FIRE) absolute 
vorticity and the anomalous (FIRE minus NO-FIRE) con-
vergence. The anomalous divergent westerlies also lead to a 
positive anomalous RWS downstream of the climatological 
850 hPa vorticity maxima corresponding to the monsoon 
cyclone (contours in Fig. 4f) via the divergent flow advection 
term in Eq. (1) (i.e., positive advection of the climatological 
vorticity by the anomalous divergent flow). In a similar way, 
the climatological divergent flow works with the anoma-
lous vorticity to generate anomalous positive RWS extend-
ing from the Arabian Sea to India. Compared to these two 
processes, the combination of the anomalous divergent flow 

Fig. 3   Fire-induced changes in the strength of the ASM circulation. 
a The time evolution of the ensemble mean of the WYI in JJA. The 
red line is for FIRE runs and the blue line is for NO-FIRE runs. Red 
and blue shading indicates the corresponding spread among ensemble 

members. b The JJA-mean WYI of the 10 ensemble members from 
FIRE and NO-FIRE runs (open circles). The black solid point repre-
sents the ensemble mean. The black solid line indicates the reference 
line where y = x
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Fig. 4   Fire-induced changes in the ASM circulation. a Zonal wind at 
850 hPa under NO-FIRE runs. b Same as a except for the difference 
between FIRE and NO-FIRE runs. c Total wind at 850  hPa under 
NO-FIRE runs. d Same as c except for the difference between FIRE 
and NO-FIRE runs. e Velocity potential at 850 hPa of NO-FIRE runs 
(black contours) and the difference between FIRE and NO-FIRE runs 

(color shading). f Same as e except for streamfunction at 850  hPa. 
Areas significant at the 0.01 level are shaded in b, indicated by black 
arrows in d, and denoted by dots in e and f. The red boxes (5° N–20° 
N and 40° E–110° E) mark the area used in the calculation of the 
WYI. The black arrows in e and f represent the anomalous divergent 
and rotational westerlies, respectively
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and anomalous vorticity also provides a positive yet much 
weaker contribution to the overall anomalous positive RWS 
over South Asia. The positive RWS leads to enhanced rota-
tional westerlies over the Arabian Sea, India, and the Bay 
of Bengal, adding to the initial divergent westerly anoma-
lies, and ultimately drive the westerly acceleration and the 
strengthening of the monsoon flow seen in Fig. 4b, d.

3.4 � Wildfire‑induced changes in monsoonal rainfall 
and large‑scale diabatic heating

The change in the monsoon circulation is also reflected by 
changes in the distribution of the monsoonal rainfall. As 
shown in Fig. 5a, the fire-induced rainfall change is char-
acterized by below-normal rainfall over the Yangtze River 
valley in China extending to the southern Japan, over the 
equatorial Indian ocean and the Maritime Continent, and by 

above-normal rainfall across South Asia extending to the 
tropical western Pacific. This tri-pole structure in rainfall 
change is consistent with the fire-induced changes in the 
JJA mean lower tropospheric moisture convergence shown 
in Fig. 5b. Over the central Africa where the largest wildfire 
emission is found (Fig. 2a), rainfall is suppressed (Fig. 5a). 
Through reduced latent heating, this rainfall reduction is 
largely responsible for the negative diabatic heating anomaly 
that peaks between 300 and 500mb over this region (black 
curve, Fig. 5d). The positive (negative) diabatic heating 
anomaly found over South Asia (the tropical Indian Ocean 
and Maritime Continent) also suggests the key role played 
by the latent heating change (blue and red curve in Fig. 5d). 
Given the majority of the wildfire-related emissions being 
scattering aerosols such as POM, SO4 and SOM (Fig. 2c, 
d, f), the diabatic cooling anomaly found over the central 
Africa is likely contributed by both aerosols’ direct effect 

Fig. 5   Fire-induced changes in the monsoonal rainfall, moisture and 
diabatic heating. JJA-mean of a rainfall, b convergence of moisture 
flux vertically integrated from 1000 to 500 hPa, and c diabatic heat-
ing rate (DHR) at 500 hPa. The black contours are for NO-FIRE runs 
and the color shading is for the difference between FIRE and NO-

FIRE runs. Areas significant at the 0.01 level are denoted by dots. 
The black, blue, and red curves in d are the corresponding vertical 
profiles of DHR (the difference between FIRE and NO-FIRE runs) 
averaged over the black, blue, and red box in c, respectively
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and indirect effect (e.g., via enhanced cloud albedo and rain-
fall suppression). The atmospheric heating associated with 
BC is relatively weak due to its small concentration com-
pared to other scattering aerosols (Fig. 2e), and is completely 
masked by the reduced latent heating (anomalous cooling 
effect) discussed above.

3.5 � Thermal perturbation experiments 
and a dynamical pathway bridging African 
wildfire and ASM

To connect fire-induced changes in large-scale heating and 
the dynamical processes leading to the acceleration of the 
monsoon westerlies, we carried out additional “thermal per-
turbation” experiments using an idealized dry global circu-
lation model (GCM). A summer basic state was first estab-
lished in the dry GCM with the topography and diabatic 

heating derived from NO-FIRE runs as the model forcing. 
A thermal perturbation was then added to the diabatic heat-
ing field of the model forcing corresponding to a patch of 
cooling anomaly over the central Africa as shown in Fig. 6a 
(for details, please see “Methods”). Figure 6b–d show the 
changes of the lower-tropospheric circulation induced by 
this prescribed large-scale cooling anomaly. Westerly accel-
eration similar to the fire-induced one in CAM5 can be iden-
tified at the 850 hPa level in the dry GCM (Fig. 6b). The 
anomalous velocity potential (Fig. 6c) and stream function 
(Fig. 6d) over the tropical Indian Ocean and Asia forced 
by the cooling anomaly also qualitatively resembles the 
fire-induced response of the monsoon circulation shown 
in Fig. 4. Therefore, the introduction of a diabatic cool-
ing anomaly over the central Africa effectively reproduces 
the key feature of fire-induced changes in the monsoon 
circulation.

Fig. 6   The response of the atmospheric circulation to the prescribed 
thermal perturbation over the central Africa in an idealized dry GCM. 
a Location of the thermal perturbation corresponding to a diabatic 
cooling anomaly over the central Africa (blue box). b Zonal wind at 
850 hPa for the basic state (black contours) and the change resulted 

from the thermal perturbation (color shading). The red box is the 
same as that in Fig.  4. c Same as b except for velocity potential at 
850 hPa. d Same as b except for stream function at 850 hPa. Areas 
significant at the 0.01 level are denoted by dots
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Given both the CAM5 and the dry GCM results, here 
we propose a dynamical pathway that bridges African wild-
fire and ASM (Fig. 7): aerosol emissions from the African 
wildfire generate anomalous cooling over the central Africa 
through both aerosol’s direct scattering effect and indirect 
effect that increases cloud albedo and reduce latent heating 
due to rainfall suppression; the anomalous cooling drives 
anomalous large-scale descent over the central Africa and 
leads to anomalous divergent westerlies and subsequently 
anomalous rotational westerlies across the Arabian Sea, 
India and the Bay of Bengal through the creation of anoma-
lous Rossby wave source; the increased low-level moisture 
convergence over South Asia as a result of the westerly 
acceleration generates above-normal rainfall in the region 
with rainfall suppressed over regions to its immediate south 
and north due to the extra-consumption of moisture over 
South Asia; then the positive latent heating anomaly resulted 
from the above-normal rainfall over South Asia further 
enhances the lower tropospheric heating contrast between 
Africa and South Asia and leads to even stronger divergent 
westerlies between the two regions ultimately providing a 
positive feedback to the changes of the monsoon circulation 
and rainfall initiated by the fire-induced cooling over the 
central Africa.

4 � Discussion

The variations in the ASM rainfall accounts for a signifi-
cant portion of the hydroclimate fluctuations over East 
Asia and South Asia (Gadgil 2003; Webster et al. 2012). It 
modulates flood and drought conditions in this region leav-
ing tremendous impacts on mankind and natural systems 
(Bhalme and Mooley 1980; Sanyal and Lu 2004). Atmos-
pheric aerosols’ effects on monsoons are also being increas-
ingly recognized (Twomey 1977; Albrecht 1989; Rosenfeld 
et al. 2008; Menon 2002; Lau and Kim 2006; Ramanathan 
et al. 2005; Bollasina et al. 2011; Meehl et al. 2008; Ganguly 
et al. 2012; Ming et al. 2011; Andreae 2004). Wildfires as 

an important source of aerosols have been occurring more 
frequently in the past few decades (Running 2006; Liu et al. 
2010) and affecting many elements vital for human survival 
like biodiversity, vegetation productivity, air quality, and 
water quality (Flannigan et al. 1998; Yoshikawa et al. 2002; 
Westerling et al. 2003; Meixner and Wohlgemuth 2004). For 
example, the vegetation-rich Amazon forest is a region of 
growing concern with observational evidence that aerosols 
produced by Amazon wildfires are influencing local weather 
and climate (Andreae 2004; Cochrane and Barber 2009). 
Elevated wildfire activities might also affect ecosystems 
and local climate including Western US (Westerling et al. 
2003; Spracklen et al. 2007, 2009), Alaska (Viereck 1973; 
Yoshikawa et al. 2002), Africa (Lehsten et al. 2009), and etc.

Our modeling and diagnostic study for the first time dem-
onstrated the existence of a plausible dynamical pathway 
bridging aerosol emissions of African biomass burning and 
the ASM suggesting that African wildfires can remotely 
modulate the ASM, especially the South Asian monsoon 
(SAM) circulation strength and rainfall distribution. This 
finding fills a gap in our understanding of the remote and 
external factors influencing the ASM variability and further 
broadens our view of the multiple roles played by wildfires 
in the Earth’s climate system. This newly discovered dynam-
ical connection between Africa and Asia in boreal summer 
also offers a potentially new source of predictability of the 
ASM across sub-seasonal to decadal timescales assuming 
skillful predictions and projections of African wildfire activ-
ity can be made. We would also like to point out that all 
conclusions drawn here are based on simulations conducted 
with a hierarchy of atmospheric models. Additional experi-
ments with comprehensive Earth System Models (ESMs) 
are needed to quantify the relative importance of the wild-
fire effects on the ASM in comparison to other known fac-
tors such as air-sea interaction and to investigate the likely 
collective effects of multiple factors on the variability and 
trends of the ASM.

Finally, identifying the actual footprints of wildfires in 
the ASM from real observations is a much more challenging 
task since multiple external (e.g., greenhouse gases, anthro-
pogenic aerosols, volcano eruptions) and internal (e.g., oce-
anic modes of variability such as the ENSO, PDO and IOD) 
factors affect the ASM, and wildfire effects are unlikely to be 
prominent enough to decide the overall trend and variability 
of the ASM. This means that our findings in this modeling 
analysis are not contradicting the observed increasing trend 
in the African wildfire activity and the decreasing Asian 
summer monsoon intensity in the recent decades. A prelimi-
nary analysis of satellite and reanalysis products has been 
carried out to verify the existence of the proposed dynami-
cal pathway connecting African wildfires with the ASM, 
specifically to connect African biomass burning emissions 
with local diabatic heating anomalies. By contrasting years 

Fig. 7   Schematic diagram of a dynamical pathway bridging African 
wildfires and the ASM
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of elevated African fire activity with those of reduced fire 
activity, we found that more aerosol emissions from wild-
fires increased upward shortwave flux at the TOA through 
enhanced (cloud) albedo (direct and first indirect effect), 
increased cloud fraction, suppressed rainfall (second indirect 
effect), and increased outgoing longwave radiation (OLR) 
via increased cloud top temperature. These change of the 
radiative flux at the TOA implies a net radiative cooling of 
the atmosphere, which, combined with the reduced latent 
heating due to rainfall suppression, leads to a net diabatic 
cooling over the central Africa, consistent with findings from 
our modeling experiments. The years of elevated African fire 
activity are also characterized by slightly increased low-level 
westerlies over the Arabian Sea, suggesting a strengthened 
SAM circulation. Given the large uncertainty involved in 
isolating fire effects from direct observations (e.g., inter-
ferences from multiple external/internal factors) and the 
imperfect representation of fire and aerosol effects in mod-
els, these preliminary results of observational data analyses 
lend further support to the conclusions drawn here although 
further investigations in this direction are warranted.
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