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A B S T R A C T   

The Indian summer monsoon (ISM) is one of the world’s strongest monsoon systems that brings about eighty 
percent of the annual rainfall to the Indian subcontinent and impacts the livelihood of more than a quarter of the 
world’s population. Meanwhile, Asia is the world’s second largest dust source—with major deserts in the Middle 
East, Central and East Asia. The interactions between the Asian dust and the ISM have received increasing 
attention in recent decades. Dust particles can modulate the circulation and precipitation of the ISM through 
absorption of solar and terrestrial radiation when suspending in the atmosphere and when deposited in snow and 
ice at surface and by acting as nuclei of liquid and ice clouds. In turn, the ISM can affect dust emissions, transport, 
and deposition through atmospheric circulation and wet scavenging. This review provides a) an overview of 
several physical mechanisms behind the interactions between the ISM rainfall and the Asian dust particularly the 
Middle East dust, b) a new hypothesis to explain the observed positive correlation between the Middle East dust 
and the ISM rainfall, and c) a summary of current progress and challenges in dust simulation in climate models. 
Finally, we propose future research directions aimed at improving dust–monsoon simulations in terms of dust 
long-term variability, absorbing property, and anthropogenic contributions.   

1. Introduction 

Monsoon is defined as the seasonal reversal of large-scale wind di
rection coupled to a strong seasonal cycle of rainfall (e.g., Simpson, 
1921; Ramage, 1971; Rao, 1976; Webster, 1987). Most monsoon sys
tems are driven by the seasonal shift in the meridional displacement of 
the Inter Tropical Convergence Zone (ITCZ), which lags the seasonal 

north-south migration of subsolar point by 1–2 months (Blandford, 
1886; Riehl, 1954; Charney, 1967; Riehl, 1979; Sikka and Gadgil, 1980; 
Gadgil, 2003; Goswami, 2005; Wang et al., 2014; Gadgil, 2018; Hill, 
2019; Geen et al., 2020; (Wang et al., 2021). Monsoon strength is 
significantly modulated by land–ocean thermal contrast (Halley, 1753; 
Webster, 1987; Gadgil, 2003; Wu et al., 2012; Roxy et al., 2015; Jin and 
Wang, 2017; Gadgil, 2018) and interhemispheric temperature 
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differences (Wang et al., 2011; Chiang and Friedman, 2012; Friedman 
et al., 2013). Summer monsoon usually brings warm and humid air from 
tropical oceans to continents and thus causes heavy rainfall. By contrast, 
winter monsoon brings cold and dry air from continents to oceans (e.g., 
Chang et al., 2006; Dimri et al., 2016). More research efforts have been 
devoted to summer monsoon than winter monsoon since the former 
plays more important roles in moisture transport, cloud formation, and 
the hydrological cycle. 

The Indian summer monsoon (ISM), also known as the South Asian 
summer monsoon, is one of the world’s strongest monsoon systems 
(Wang and LinHo, 2002; Wang et al., 2014; Wang et al., 2017). At the 
end of May and in early June, the meridional shift of the subsolar point 
drives the northward propagation of the ITCZ, which brings abundant 
moist air from the Southern Hemisphere to the Northern Hemisphere 
causing strong convection over the Northern Indian Ocean. As the sub
solar point and ITCZ propagate further north in mid-June, the Indian 
subcontinent warms up by absorption of the increasing solar radiation at 
a greater rate than the Indian Ocean does, forming a strong ocean–land 
thermal gradient, which drives strong low-level southwesterly winds 
that transport water vapor from the tropical Indian Ocean and the 
Arabian Sea towards the Indian subcontinent (Gadgil, 2003, 2018; Hari 
et al., 2020). The sensible heat flux from the Earth’s surface to the at
mosphere over the vast Eurasian Continent, especially over the Tibetan 
Plateau and the Iranian Plateau, further strengthen the ISM circulation 
by increasing the south–north temperature gradient in the mid- 
troposphere in July (Wu et al., 2012; Wu et al., 2017). This sensible 
heat together with the strong latent heat released from intense monsoon 
convection drives the ISM to reach its peak in July and August (Singh 
et al., 2007; Rajeevan et al., 2010; Ratnam et al., 2014). As the ITCZ 
moves southward in August, the ISM demises in September. 

Besides the dominant roles of the ITCZ and ocean–land thermal 
contrast playing in the ISM system, aerosols from both natural and 
anthropogenic emissions can further modulate the ISM system. The 
heavy aerosol layers (mainly anthropogenic aerosols, including black 
carbon and sulfate) over South Asia can cool the surface by scattering 
and absorbing solar radiation, which reduces the ocean–land thermal 
contrast and in turn weakens the ISM (Ramanathan et al., 2005; Meehl 
et al., 2008; Kumari and Goswami, 2010; Bollasina et al., 2011), the so- 
called “solar dimming” or “global dimming” effect (Stanhill and Cohen, 
2001). On the other hand, absorbing aerosols (e.g., black carbon and 
mineral dust) that accumulate over the southern slope of the Tibetan 
Plateau can heat the mid-troposphere, pumping the air from South to 
North India and strengthening monsoon convection over North India 
(Lau et al., 2006). This is referred to as the “elevated heat pump (EHP)” 
effect (Lau and Kim, 2006; Lau et al., 2009; Lau and Kim, 2011; Lau, 
2016; Lau et al., 2016; Lau and Kim, 2017). Moreover, absorbing 
aerosols can also modulate the meridional gradient of sub-cloud moist 
static energy (MSE) over the Indian subcontinent and shift the 
monsoonal deep convection northwestward (Wang et al., 2009b). When 
deposited on snow and ice on the Tibetan Plateau, these absorbing 
aerosols change land surface albedo and energy budget, modifying the 
circulation and precipitation over both the ISM and East Asian monsoon 
regions (Lau and Kim, 2018; Rahimi et al., 2019). These different and 
competing effects of aerosols on the ISM have confounded aero
sol–monsoon interactions (Lee et al., 2013; Lee and Wang, 2015) and 
spurred debates about whether aerosols strengthen or weaken the ISM 
system (Meehl et al., 2008; Dave et al., 2017). 

Recently, studies found that remote dust aerosols from the Middle 
East can also strongly modulate the variability of ISM system (e.g., Jin 
et al., 2014; Vinoj et al., 2014). Fig. 1 shows the summertime aerosol 

Fig. 1. Domain of interest. Two subregions 
are highlighted for further analysis: the 
Arabian Peninsula and Northern Central 
India (20◦–28◦ N, 76◦–87◦ E). The shadings 
are monsoonal (June–July–August–Sep
tember) aerosol optical depth (AOD) from 
MISR averaged over the period of 
2000–2019. Missing values are denoted in 
grey shading. The red contour indicates re
gions where dust contributes ≥ 50% to the 
total AOD based on MERRA-2 reanalysis. 
MERRA-2 = Modern Era Retrospective- 
Analysis for Research and Applications, 
version 2; MISR = Multi-angle Imaging 
SpectroRadiometer. (For interpretation of 
the references to color in this figure legend, 
the reader is referred to the web version of 
this article.)   
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optical depth (AOD) climatology in this region. Over the Arabian 
Peninsula and the northwestern Arabian Sea, more than 50% of the AOD 
is contributed by mineral dust (Jin et al., 2018). Tons of dust aerosols 
emitted from the Arabian Peninsula and its surrounding areas are 
transported to the Arabian Sea by the strong northwesterly “Shamal” 
winds during boreal summer (Jin et al., 2018). These dust aerosols over 
the Arabian Sea could heat the lower and mid-troposphere, forming a 
heat low over the Arabian Sea. This heat low strengthens the south
western monsoon branch, which favors the moisture transport from the 
Arabian Sea to the Indian subcontinent and in turn increases rainfall in 
most parts of the Indian subcontinent (Jin et al., 2014; Vinoj et al., 2014; 
Jin et al., 2015; Solmon et al., 2015; Jin et al., 2016a). 

Although most studies agree that the Middle East dust aerosols can 
strengthen the ISM system by heating the troposphere, they demonstrate 
large discrepancies in the ISM rainfall responses in terms of spatial 
pattern and magnitude. Observations showed that AOD over the Arabian 
Sea and the southern Arabian Peninsula is significantly and positively 
correlated with the ISM rainfall in the southwest coastal regions, 
Northern Central India, and the southern slope of the Tibetan Plateau 
(Jin et al., 2014; Jin et al., 2015). A global model simulation showed that 
the monsoonal rainfall responses to dust are negative in Northeast India 
yet positive in South India (Vinoj et al., 2014). One high-resolution 
regional model simulation well captured the observed ISM rainfall 
response patterns to dust (Jin et al., 2015), while another regional model 
study showed a completely different pattern of rainfall response (Sol
mon et al., 2015). We will discuss the potential causes of the inconsistent 
monsoon rainfall responses to Arabian dust aerosols and uncertainties in 
modeling studies. 

More recently, the influence of the ISM on dust emissions and 
transport in the Middle East and the Arabian Sea is also addressed 
(Sharma and Miller, 2017; Attada et al., 2018). The observed positive 
correlation between ISM rainfall and dust is attributed to the effect of the 
prevailing monsoon circulation on dust emissions over the Arabian 
Peninsula and transport to the Arabian Sea (Sharma and Miller, 2017). 
Strong monsoons are found to strengthen the circulation and thermo
dynamic processes over the Arabian Peninsula through Rossby wave 
(Rodwell and Hoskins, 2001; Attada et al., 2018). However, to what 
extent could the monsoon circulations affect the dust emissions over the 
Arabian Peninsula is still an open question and will be discussed in this 
review. 

It is worth noting that almost all of the current studies have focused 
on the monsoon–dust interactions within the seasonal timescale 
partially due to a lack of long-term observations of dust aerosols in a 
large region that covers South Asia and the Middle East (Fig. 1) as well as 
challenges in simulating dust interannual and interdecadal variability 
by most global climate models (Evan et al., 2014; Evan, 2018; Pu and 
Ginoux, 2018). We will examine dust–monsoon interactions on the 
interdecadal timescale (1979–2019) using proxy data of dust variations 
and observed ISM rainfall. 

In this paper, we first review recent studies on the interactions be
tween the ISM system and aerosols from both local and remote sources 
on seasonal timescale in Sections 2–3, with a focus on the dust aerosols 
from the Middle East. Several hypotheses proposed to explain the 
monsoon–dust interactions are summarized. The influences of the ISM 
on dust emissions and transport are discussed in Section 4. Two addi
tional hypotheses that focus on dust–monsoon interaction on the inter
decadal timescale and the extended impacts of the Middle East dust on 
the whole Asian summer monsoon are presented in Section 5. Current 
challenges and solutions in simulating dust long-term variability, 
absorbing property, anthropogenic contributions, and the associated 
climatic impacts are proposed in Section 6, followed by a summary of 
the review in Section 7. It should be pointed out that this paper is not 
intended to be a comprehensive review of the ISM system, but rather a 
specific review of dust–monsoon interaction, which is an important 
component of the ISM system and have been advanced by recent studies. 

2. Impacts of local dust aerosols on the ISM system 

The impacts of dust aerosols on the ISM system have been studied for 
decades, mainly on local dust and anthropogenic aerosols over the In
dian subcontinent and the Tibetan Plateau in early studies (Sanap and 
Pandithurai, 2015 and references therein). Although the dust aerosols 
over the Himalayas and Tibetan Plateau have four sources—East Asia 
(the Taklamakan and Gobi Deserts), the Thar Desert at the India–Paki
stan border, the Middle East, and North Africa (Hu et al., 2020), here we 
consider them as local dust because these dust and black carbon aerosols 
are located over the Indian subcontinent and the Himalayas when they 
work as a heating source in the troposphere to influence the ISM system. 
The following sections review several physical mechanisms behind local 
dust–monsoon interactions. 

2.1. “Elevated Heat Pump” effect 

Dust aerosols over the Tibetan Plateau have been shown to be able to 
influence the Asian monsoon at the seasonal timescale (e.g., Lau et al., 
2006). The monsoon onset is mainly driven by the strong ocean–land 
thermal gradient while monsoon maximum around July is sustained by 
latent heating in the mid- and upper-troposphere due to heavy precip
itation. The dust induced EHP could enhance the ocean–land thermal 
gradient during pre-monsoon and monsoon onset and further amplify 
the mid- and upper-troposphere warming during monsoon maximum by 
enhancing monsoonal precipitation and thus latent heating. 

During early months of the pre-monsoon season from March to April, 
dust aerosols can be transported to the north slopes of the Tibetan 
Plateau from the deserts in western China and to the south slopes from 
the deserts in the Middle East and Pakistan. The dust aerosols, together 
with black carbon in the south slopes of the plateau, heat up the air by 
absorption of solar radiation, resulting in a warm anomaly in the mid-to- 
upper troposphere over the plateau and consequently enhancing the 
ocean–land thermal gradient. Later in May and early June, radiation- 
dynamical feedback processes are induced. As the warmer air rises 
over the plateau, it enhances the upper-tropospheric meridional tem
perature gradient, increase the transport of Middle East dust to the In
dian subcontinent, and draws in additional moisture from southern 
Arabia Sea and the Indian Ocean. The feedback results in an earlier onset 
of the ISM. The feedback continues to intensify the ISM rainfall during 
the monsoon maximum in July, resulting in more latent heating and a 
much warmer troposphere. In late July through August, the feedback is 
weakened due to increased washout of dust and black carbon by heavy 
monsoon precipitation. Fig. 2 schematically shows stronger monsoon 
circulations and enhanced clouds and monsoonal rainfall over the In
dian subcontinent in a “dirty” compared to a “clean” monsoon (i.e., 
relatively high and low concentrations of dust and black carbon aerosols 
over South Asia, respectively) due to the absorbing aerosols-induced 
warming over the Tibetan Plateau. The above feedback processes are 
collectively referred to as the “Elevated Heat Pump (EHP)” effect of 
absorbing aerosols on the ISM, with dust aerosols playing a major role 
(Lau and Kim, 2006; Lau et al., 2006; Lau et al., 2008; Lau et al., 2009; 
Lau and Kim, 2010). The EHP hypothesis is proposed mainly through 
model simulations and has been subject to debate (Nigam and Bollasina, 
2010; Lau and Kim, 2011; Nigam and Bollasina, 2011), based on 
different interpretation of observations (Kuhlmann and Quaas, 2010; 
Wonsick et al., 2014). Recently, more modeling studies that support the 
EHP mechanism affecting multi-scale variability of the Asian summer 
monsoon have emerged (D’Errico et al., 2015; Gu et al., 2015; Lau et al., 
2016; Lau and Kim, 2017). EHP effects by absorbing aerosols over other 
regions, such as Northwest China (Tang et al., 2018) and the Arabian Sea 
(Vinoj et al., 2014; Jin et al., 2015) have been identified. Possible dust 
impact on the response of the Asian summer monsoon to El Niño have 
also been reported (Kim et al., 2016; Lau, 2016; Li et al., 2016). 

It is important to note that EHP involves not only local aerosol 
sources over the Indian subcontinent, but also the transported dust from 
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remote deserts in the Middle East (Hu et al., 2020). EHP-induced in
crease in low-level southwesterlies over the Arabian Sea can transport 
more dust from the Middle East deserts and moisture from the Arabian 
Sea onto the Indian subcontinent, fueling the monsoonal precipitation, 
and replenishing dust lost due to washout by increased precipitation, 
sustaining the EHP induced dynamics effects through the entire 
monsoon season (Lau et al., 2020). It is also worth noting that it is the 
cross-equatorial monsoon circulations over the northern Indian Ocean 
that transport most of the water vapor required to feed the heavy 
monsoon precipitation, in comparison to the contributions of water 
vapor flux over the Arabian Sea and Bay of Bengal (e.g., Xavier et al., 
2007; De et al., 2015; Hazra et al., 2015). Therefore, the impact on ISM 
rainfall by enhanced moisture transport over the Arabian Sea induced by 
absorbing aerosols through the EHP effect needs to be further examined 
in a broader context of possible interactions with the aforementioned 
moisture sources. 

2.2. Moist static energy in sub-cloud layer 

Absorbing aerosols can also modulate the ISM rainfall through per
turbing the moist static energy in sub-cloud layer (Wang et al., 2009b). 
Black carbon aerosols capped in the planetary boundary layer dominate 
the absorbing aerosols over India. By absorbing solar radiation, black 
carbon can heat up the planetary boundary layer and thus increases the 
moist static energy in the sub-cloud layer. Consequently, the black 

carbon-induced perturbation in moist static energy drives a northwest
ward shift of both the ISM rainfall belt (Wang et al., 2009b) and the 
Intertropical Convergence Zone (ITCZ) (Kovilakam and Mahajan, 2016). 
Although this hypothesis is based on black carbon, local absorbing dust 
aerosols can also influence the monsoon in a similar way given that dust 
aerosols are the second largest contributor to aerosol absorbing optical 
depth over India (Wang et al., 2009a). But such an influence would be 
weaker than that from black carbon due to much weaker absorption 
efficiency on solar radiation by dust. In the future, the impacts of local 
dust aerosols on the moist static energy in sub-cloud layer needs to be 
addressed and compared with the impacts of black carbon. 

2.3. Snow-darkening effect (SDE) 

SDE refers to the increased absorption of solar radiation by the land 
surface due to reduction of surface albedo by deposition of light 
absorbing aerosols (dust, soot and organic carbon) on snow covered 
surface (Warren and Wiscombe, 1980; Flanner et al., 2009; Sarangi 
et al., 2020; Wang et al., 2020). When occurred persistently over large 
areas, SDE can result in changes in surface energy balance affecting 
diabatic heating and circulation of the overlying atmosphere (Lau et al., 
2010; Gautam et al., 2013; Qian et al., 2014; Yasunari et al., 2015). 
Although the SDE could cause significant climatic impacts in the Indian 
subcontinent, the dynamical and hydrological responses to the SDE have 
not been examined due to lacks of (1) a representation of black carbon 

Fig. 2. A schematic comparing different monsoonal circulations and rainfall under “clean” and “dirty” scenarios, i.e., relatively low and high concentrations of dust 
and black carbon aerosols, respectively over India and the Tibetan Plateau. The absorbing aerosols can strengthen the southwest monsoonal circulations and thus 
increase clouds and rainfall over the Indian subcontinent (modified from Lau et al. (2016)). 
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and dust in snow in climate models with on-line chemistry and (2) 
frequent (e.g., daily) snow impurity measurements at different locations 
that are necessary for model validation and evaluation (Qian et al., 
2014). Until recently, based on numerical experiments with the NASA 
Goddard Earth Observing System, Version 5 (GEOS-5) model, Lau and 
Kim et al. (2018) showed that SDE on snow cover of the Himalayas and 
southern Tibetan Plateau in May–June can trigger a sequence of feed
back processes, starting with increased net surface solar radiation, rapid 
snowmelt, warming of the Tibetan Plateau surface and upper tropo
sphere. These are followed by strengthened low-level southwesterly and 
enhanced Middle East dust transport across the Arabian Sea to the 
Himalayas foothills and northern India. The warming is amplified and 
sustained through June–July–August, by increased latent heating from 
enhanced precipitation in northern India, due to the EHP effect. The 
enhanced heating spurs an anomalous upper level Rossby wave train 
spanning Eurasia, South Asia and East Asia, in conjunction with an 
enhanced Tibetan Anticyclone, a weakening of the subtropical westerly 
jet stream, and a northward displacement of the Mei-Yu rain band over 
East Asia (Fig. 3). 

Using the Community Earth System Model (CESM), Rahimi et al. 
(2019) found similar results, indicating strong SDE due to black carbon 
and dust facilitates rapid snowmelt and surface warming of the TP in the 
early monsoon season. The warming amplified and extended to the 
upper troposphere via EHP feedback can induce stronger low-level 
westerlies during the peak monsoon seasons over the Arabian Sea, 
furnishing the Indian subcontinent with enhanced moisture and pre
cipitation during peak monsoon season. Shi et al. (2019) emphasized the 
importance of the SDE-induced surface heat low over Central Asia and 
Western TP in enhancing advection of drier continent air over northern 
India in May–June. Das et al. (2020) invested the relative response of the 
ISM to the SDE and direct radiative effect of dust aerosols and found that 
the SDE tends to reduce monsoonal rainfall in pre-monsoon season while 
the DRE of dust facilitates more moisture transport towards the northern 
India through the EHP mechanism, resulting in enhanced rainfall during 
monsoon season. In summary, the SDE seems to weaken the ISM system, 

opposing the EHP effect. 

3. Impacts of remote dust aerosols on the ISM system 

Besides dust aerosols over the Indian subcontinent, remote dust 
aerosols over the Middle East and the Arabian Sea can exert significant 
impact on the ISM system due to their higher concentrations and strong 
transport by monsoon low level southwesterlies (Fig. 4). 

3.1. Dust emission in the Middle East 

The Middle East is the world’s second largest mineral dust source 
region following North Africa. Fig. 4 shows the spatial patterns of the 
climatology (June 2000–May 2020) of seasonal AOD and dust optical 
depth (DOD) from multiple datasets. Three datasets demonstrate 
consistent seasonal variations of AOD: high AOD (0.5–0.8) cover most 
parts of the Arabian Peninsula in pre-monsoon (March–April–May); 
AOD further increase and reach peak values (0.8–1.0) in monsoon 
(June–July–August–September) over a large area of the domain, espe
cially over the Arabian Sea; AOD decrease in post-monsoon (Octo
ber–November–December) and reach a minimum in winter 
(January–February). DOD manifests similar seasonal variations to AOD. 
In monsoon when DOD hits the peak, about 50%–90% of the total AOD 
is attributable to DOD in the Middle East, 38%–54% over the Arabian 
Sea, 50%–85% in Pakistan and Northwest India (i.e., the local dust 
source region), depending on various satellite and reanalysis datasets 
(Jin et al., 2018). Note that both AOD and DOD over the Middle East and 
the Arabian Sea reach their maxima in the monsoon season. 

The spatiotemporal variations in dust aerosols over this region are 
largely determined by circulations at various spatial scales, because land 
surface properties (e.g., soil moisture) of the dust sources in the Arabian 
Peninsula have relatively small seasonal variations. Based on the pre
vailing weather conditions that generate dust emissions, dust storms can 
generally be classified into four typical categories generated by: 1) cold- 
front, 2) meso- and sub-meso scale complexes, 3) tropical disturbances, 

Fig. 3. Spatial patterns of simulated changes for 
June–July–August by GEOS-5 model due to the snow- 
darkening effect of dust, black carbon, and organic carbon 
aerosols over the Tibetan Plateau and the Himalaya foothills 
in (a) surface temperature (◦C) and streamlines at 200 hPa, 
and (b) precipitation (mm day− 1) and 850 hPa winds (m s− 1). 
The simulations are for the period of 2002–2011. The dif
ferences are calculated between two sets of simulations with 
and without aerosols’ impact on the snow’s surface albedo. 
Grey dots represent grid cells where changes are statistically 
significant at 95% confidence level. GEOS-5= Goddard Earth 
Observing System, Version 5 (adapted from Lau and Kim, 
2018).   
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and 4) cyclogenesis (Lei and Wang, 2014). Fig. 5 shows examples of 
three of the four dust storm types: a cold frontal system caused a dust 
storm in the southern Arabian Peninsula that was transported southward 
to the northern Arabian Sea on February 2, 2008 (e.g., Cuevas Agulló, 
2013); a meso-scale haboob generated a very strong dust storm in the 
similar area on July 29, 2018 (e.g., Anisimov et al., 2018); a cyclogenesis 
triggered a dust storm in Iraq on August 31, 2015 and was transported to 
the Persian Gulf during the next two days (e.g., Francis et al., 2019). 
Tropical disturbances occur only infrequently in this region. Statistical 
analysis of dust storms in the western United States from 2003 to 2013 
shows that dust storms triggered by tropical disturbances and cyclo
genesis have the longest lifetime (4–21 h) and meso- to sub-meso scale 
dust storms have shorter durations (2–5 h), but with the highest fre
quency of occurrence, and rate of dust emissions (Lei and Wang, 2014), 
which are supported by Fig. 4. It is these different types of dust storms 
that together result in extremely high dust loadings in summer over the 

Middle East. However, the spatiotemporal characteristics of these dust 
storms, and how they have evolved during the past two decades remain 
largely unknown and unexplored. 

3.2. Dust transport to the Arabian Sea 

Abundant quantities of dust aerosols are transported to the Arabian 
Sea from the surrounding land mass in summer. So far, four dust source 
regions and four corresponding transport pathways have been identi
fied. The four source regions are the Arabian Peninsula (Ramaswamy 
et al., 2017; Jin et al., 2018; Kumar et al., 2020), Horn of Africa (Léon 
and Legrand, 2003), deserts in Iran and Afghanistan (e.g., the Karakum 
desert and Sistan Basin; Kaskaoutis et al., 2016; Kaskaoutis et al., 2018; 
Rashki et al., 2019), and the Thar Desert at the Pakistan and Indian 
border (Tindale and Pease, 1999; Badarinath et al., 2010). Fig. 6 shows 
the back-trajectories of air mass during 100 dusty days over the Arabian 

Fig. 4. Spatial patterns of climatological 
(June 2000–May 2020) AOD, rainfall rate (mm 
day− 1) and winds (m s− 1) at 850 and 200 hPa in 
four seasons. AOD data are from MISR, MODIS- 
Terra, and MERRA2; rainfall data are from 
GPM and GPCP; wind data are from MERRA2. 
The grey shading in the first two rows repre
sents missing values. Pre-monsoon, monsoon, 
post-monsoon, and winter seasons cover 
March–April–May, June–July–August–Sep
tember, October–November–December, and 
January–February, respectively.   

Fig. 5. Three typical dust storm types over 
the Middle East and the Arabian Sea: true 
color satellite images and the corresponding 
weather conditions. (a) Dust storm generated 
by a cold front on February 2, 2008 over the 
southern Arabian Peninsula and transported 
to the northern Arabian Sea. (b) Dust storm 
caused by a meso-scale haboob on July 29, 
2018 over the southern Arabian Peninsula. 
(c) Dust storm triggered by cyclogenesis on 
August 31, 2015 over Iraq and transported to 
the Persian on September 1 and 2.   
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Sea selected in summer from 2003 to 2012. The dust aerosols over the 
northern Arabian Sea have four transport pathways: along the 
Iraq–Persian Gulf–Gulf of Oman by the northwest “Shamal” wind, along 
the Iran–Afghanistan border by the north “Levar” wind, and along the 
coastal line of Somali by the southwest monsoon flow at 500 m altitude 
and along the northern branch of the monsoonal anti-cyclone at 5000 m 
altitude. Fig. 7 demonstrates a summertime dust storm extending from 
surface up to 6 km altitude over the Arabian Peninsula, the Arabian Sea, 
and Iran–Afghanistan and residing in the troposphere for at least 1 day, 
which implies that the dust transport from the surrounding source re
gions to the Arabian Sea in the mid to upper troposphere is possible. 
Based on Fig. 7, it is worth noting that (1) the aerosol layer is slightly 
higher over ocean than over land; (2) daytime observations of CALIOP 
suffers larger noise than those in nighttime; and (3) mixing of dust with 
other aerosol species seems to be more frequent in daytime than in 
nighttime, although possible contamination of aerosol mixing states due 
to the larger daytime noise cannot be ruled out. Over the central Arabian 
Sea, dust aerosols are transported from the Arabian Peninsula and the 
Horn of Africa at lower troposphere and share the similar transport 
pathways to that over the northern Arabian Sea in the mid and upper 
troposphere. Over the southern Arabian Sea, dust aerosols in the lower 
troposphere are transported mostly from the Horn of Africa. In the mid- 
to-upper troposphere, they are transported from all the surrounding land 

masses, except the Horn of Africa. 
The transported dust aerosols over the Arabian Sea are readily 

accumulated along the so-called “Inter-Tropical Discontinuity (ITD)” 
area that is defined as areas with near-zero meridional wind (Rashki 
et al., 2019), as shown in Fig. 8. The northwesterly “Shamal” wind from 
the Arabian Peninsula and the northerly “Levar” wind from the border of 
Iran and Afghanistan are confluent with the southwesterly monsoon 
wind over the central and north Arabian Sea in the lower troposphere. 
The confluent flow extends dust aerosols to higher altitudes up to 5–6 
km (Fig. 7), which favors the accumulation of dust aerosols and conse
quently results in higher dust concentrations in the atmospheric column 
over the Arabian Sea along the ITD areas, as seen in Fig. 8. 

3.3. Impacts of dust–radiation interaction on the ISM 

3.3.1. Observed dust–monsoon relationship 
High aerosols loadings over the southern Arabian Peninsula and the 

Arabian Sea are positively correlated with the ISM rainfall on various 
timescales. To the best of our knowledge, Rahul et al. (2008) was the 
first study that tried to link the variations in ISM rainfall to AOD 
anomalies over the Arabian Sea. They found that two drought years of 
2002 and 2004 with monsoonal rainfall reduction in 50% and 15% of 
the long-term climatology (1998–2007) in July, respectively, were 

Fig. 6. Back-trajectory analysis of dust 
transport pathways from dust source regions 
to the Arabian Sea. Three locations from 
northwest to southeast of the Arabian Sea 
were selected, over which the back trajec
tories of air masses were performed. The left 
and right columns represent back trajectories 
at the altitude of 500 and 5,000 m, respec
tively. Various colors of curves indicate 
various clusters of these back trajectories 
represented by thick lines with solid cycles 
overlaid. Each cycle represents the location 
of air mass that is 12 h ahead or behind its 
neighbors, so totally it tracks back to 84 h. 
The numbers represent the percent of back 
trajectories in each cluster in the total back 
trajectories. Totally 100 dusty days (10 in 
each summer) were selected in 
June–July–August from 2003 to 2012 for the 
back-trajectory analysis based on area- 
averaged MODIS-Aqua daily AOD over the 
Arabian Sea (8◦–25◦ N, 45◦–75◦ E). 27 
ensemble simulations were produced at each 
location on each dusty day by slightly off
setting the meteorological data by ±1 mete
orological grid points in horizontal directions 
and by ±0.01sigma unit (~250 m) in the 
vertical direction (copied from Jin et al. 
(2018)). (For interpretation of the references 
to color in this figure legend, the reader is 
referred to the web version of this article.)   
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accompanied by the negative AOD anomalies of − 0.2 to − 0.6 (as de
partures from the 2000–2007 climatological mean) over the Arabian Sea 
(45◦E–75◦E; 10◦N–27◦N). This study showed that high (low) aerosol 
loadings over the Arabian Sea are closely related to the enhanced 
(reduced) ISM rainfall in July. However, due to relatively short data 
period and observation-based method in their study, a cause-effect 
relationship between aerosol loadings over the Arabian Sea and the 
ISM rainfall could not be concluded. 

Using the method of multi-variate empirical orthogonal function 
(MV-EOF) and observation-based data, Jin et al. (2014) found a strong 
coupling among AOD over the Arabian Sea, mid and upper troposphere 
heating over the Iranian Plateau and the Arabian Sea, and the ISM cir
culation and rainfall. A correlation of 0.46 (p-value < 0.01) was found 
between AOD over the Arabian Sea and monsoonal rainfall over central 
and eastern India (20◦ N–32◦ N, 75◦ E–90◦ E) during June–July–August 
from 2000 to 2013. Here, the correlation coefficients between the ISM 

Fig. 7. Cross-section of aerosol attenuated 
backscatter (km− 1 sr− 1) at 532 nm from 
CALIOP (Cloud-Aerosol Lidar with Orthog
onal Polarization) on June 28, 2008. Top and 
bottom panels respectively show the night
time and daytime observations. Bottom and 
top x-axes indicate the UTC (Coordinated 
Universal Time) time and the corresponding 
latitude and longitude; y-axis shows the alti
tude (km). The black and cyan contours 
indicate pure and polluted dust aerosols that 
are identified by the lidar depolarization ratio 
at 532 nm of 0.2 and 0.075, respectively (Li 
et al., 2010; Kim et al., 2018). The blue line 
on the map in the inset at the upper left 
corner in each panel demonstrates the corre
sponding track of CALIPSO (Cloud-Aerosol 
Lidar and Infrared Pathfinder Satellite 
Observation) satellite. The red and blue lines 
in the cross-section shows the altitude of the 
land and ocean surface, respectively. The 
horizontal and vertical resolution is 5 km 
along the track and 30 m, respectively. (For 
interpretation of the references to color in 
this figure legend, the reader is referred to the 
web version of this article.)   

Fig. 8. (a) Meridional wind (shadings; units: 
m s− 1) at 850 hPa and (b) Aerosol optical 
depth (shadings) and wind (vectors; m s− 1) at 
700 hPa during July 11–16, 2016. Data are 
from and MERRA-2 reanalysis and Aqua 
MODIS. The three boxes marked as “D1”, 
“D2”, “D3” in panel (b) represent dust source 
regions dominated by different Levar wind 
speed, with highest wind speed in D3, fol
lowed by D2, and D1. The area of near-zero 
meridional wind is defined as the Inter- 
Tropical Discontinuity (ITD) and indicated 
by the red line along the coastal line of the 
Arabian Peninsula, where dust aerosols tend 
to accumulate at a high altitude. Missing 
values of 850 hPa wind over high-altitude 
areas in panel (a) and aerosol optical depth 
in panel (b) are indicated by grey and white 
colors, respectively. July 2016 was a typical 
dusty month over the Arabian Sea with dust 

transported from various sources and along various pathways and thus was selected for the study. MODIS= Moderate Resolution Imaging Spectroradiometer 
(adapted from Rashki et al. (2019)). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)   
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rainfall and total AOD, DOD, and sea salt optical depth at each grid cell 
has been updated by extending the analysis period from 2000 to 2013 to 
2000–2020 and employing multiple datasets for both aerosol and rain
fall (Fig. 9). The correlations were calculated using monthly anomalies. 
The area-averaged ISM rainfall was positively correlated with satellite 
retrieved AOD and reanalysis assimilated DOD over the Arabian Sea, the 
southern Arabian Peninsula, and Iran and Afghanistan. Similarly, the 
area-averaged AOD and DOD are positively correlated with monsoon 
rainfall over the central and northern India, which is consistent with 
monsoon rainfall patterns in the MV-EOF analysis, as shown in Fig. 10a. 

The physical mechanism behind such a correlation between dust and 
monsoon rainfall was examined using monthly composite analysis (Jin 
et al., 2014). It was showed that the high AOD anomalies over the 
Arabian Sea is coupled with strong atmosphere heating from the surface 
to 500 hPa over the Iranian Plateau and from 800 hPa to 600 hPa over 
the Arabian Sea, which strengthens the southwesterly monsoon winds. 
Finally, using daily data, they demonstrated that AOD over the Arabian 
Sea and the Iranian Plateau has a maximum correlation with ISM rainfall 
when AOD leads the rainfall by about 13 days. 

3.3.2. Modeled dust–monsoon relationship 
The foregoing positive correlation between dust and monsoon rain

fall was further investigated in depth by a number of modeling studies. 
Using a general circulation model, Vinoj et al. (2014) found their model 
can well capture the spatial patterns of the observed correlation co
efficients between the area-averaged monsoon rainfall (June–August) 
over central India (16.5◦ N–26.5◦ N, 74.5◦ E–86.6◦ E) and AOD over the 
Arabian Sea during 2000–2009. By removing dust, sea salt, 

anthropogenic emissions individually and in combination in their sim
ulations, they further demonstrated that this observed dust–monsoon 
rainfall correlation can be attributed to radiative effects of dust and sea 
salt together, while anthropogenic aerosols do not play a role. Finally, 
based on dust pulse runs, they illustrated that when dust concentrations 
decrease from the beginning of the simulation, the monsoon rainfall 
starts to decrease on about the seventh day, indicating a lagged response 
of ISM rainfall to dust over Arabian sea in about one week. 

One interesting result in the simulations by Vinoj et al. (2014) is that 
the monsoon rainfall has negative response to sea-salt aerosols over the 
Arabian Sea. Given an observed net positive correlation between 
monsoon rainfall and sea-salt optical depth (Fig. 9), their study strongly 
implies that the positive response of sea-salt emissions to monsoon cir
culations overwhelms the negative response of monsoon rainfall to sea- 
salt emissions. On the other hand, given an observed net positive cor
relation between dust and monsoonal rainfall (to the south of 20◦ N over 
the Indian Subcontinent) as well as a simulated positive monsoon 
rainfall response in South India to dust aerosols (Fig. 10), whether 
monsoon circulations increase or decrease dust emissions over the 
Middle East cannot be concluded based on their simulations. It is 
pertinent to note here that sea salt aerosols can interact with warm 
clouds by acting as Giant Cloud Condensation Nuclei (GCCN) and thus 
increase the efficiency of collision coalescence of cloud droplets and 
cause intense monsoonal rainfall over Western Ghats of India, where 
concentrations of sea salt are high due to strong monsoon circulations 
over the Arabian Sea, consequently exerting a positive impact on the 
ISM rainfall (Gerber and Frick, 2012; Konwar et al., 2012; Kumar et al., 
2013). However, the possible interplays among feedback processes 

Fig. 9. The Pearson linear correlation co
efficients between AOD and the ISM rainfall. 
The correlation coefficients are calculated 
using 80 (June–July–August–September) 
monthly anomalies from 2000 to 2019. Left 
two columns: correlation between area- 
averaged rainfall anomalies (GPM (first col
umn) and GPCP (second column)) over India 
(land grid points in the red box: 8◦ N–35◦ N, 
70◦ E–85◦ E) and the anomalies of total AOD 
(first three rows), MERRA2 dust AOD (fourth 
row), and MERRA2 sea salt AOD (fifth row) at 
each grid point. Right two columns: correla
tion between area-averaged anomalies of 
total AOD (first three rows), MERRA2 dust 
AOD (fourth row), and MERRA2 sea salt AOD 
(fifth row) over the Middle East and the 
Arabian Sea (blue box: 8◦ N–40◦ N, 40◦ E–67◦

E) and the anomalies of rainfall from GPM 
(third column) and GPCP (forth column) at 
each grid point. The grey colors represent 
missing values. Correlations significant at the 
95% confidence level are dotted, with blue 
dots for positive correlations (red shading) 
and red dots for negative correlations (blue 
shading). GPM=Global Precipitation Mea
surement; GPCP=Global Precipitation Clima
tology Project. (For interpretation of the 
references to color in this figure legend, the 
reader is referred to the web version of this 
article.)   
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induced by dust and sea salt are not well understood and need to be 
further investigated in the future. 

Using a regional climate model–the Weather Research and Fore
casting model coupled with online Chemistry (WRF-Chem), Jin et al. 
(2015) performed an ensemble of simulations of high resolution (54 km) 
in the summer (June–July–August) of 2008 to reexamine in detail the 
physical mechanism behind the dust–monsoon correlation. They 
designed 32 ensemble simulations by employing various physical and 
chemical schemes, such as planetary boundary layer, aerosol mixing 
states, aerosol optical calculation methods, to reduce model un
certainties and retrieve statistically meaningful results. By comparing 
the difference of the ensemble means of simulations with and without 
dust emissions, they found that the ISM monsoon rainfall has statisti
cally significant response to the dust aerosols. The area-averaged 
monsoon rainfall over the whole India (20◦–32◦ N, 70◦–85◦ E) 
increased by 0.44±0.39 mm day− 1 (mean and standard deviation based 
on ensemble members), which accounted for about 10% of the 

climatology. The spatial patterns of rainfall response are well captured: 
with increased rainfall along the southwest coastal India and in the re
gions to the north of 20◦ N in the Indian subcontinent (Fig. 10). Such a 
spatial pattern was corroborated by a recent modeling study (Rahimi 
et al., 2019). Further analyses of model results indicate that dust aero
sols can heat the atmosphere from 900 to 500 hPa with the maximum 
around 600 hPa over the Arabian Sea. This heating could cause a pres
sure low at 850 hPa centered over the Arabian Sea that strengthens 
southwesterly monsoon flow, which in turn transports more moisture 
from the Arabian Sea to the Indian subcontinent (Fig. 11a) and results in 
increases in moist static energy and rainfall over India (Fig. 11b). 
Moreover, the model indicated a maximum and statistically significant 
correlation coefficient of 0.4 when AOD leads the monsoon rainfall by 
11 days, which is very close to 13 days retrieved in observations (Jin 
et al., 2014). 

The above two model simulations include a very large domain, 
within which there are several large dust source regions. To quantify and 

Fig. 10. Comparison of the dust–monsoon 
rainfall relationship in four studies. (a) An 
observational study showed a positively 
coupled relationship among the normalized 
values of the Middle East dust, monsoon cir
culation at 850 hPa, and rainfall, which was 
based on a multivariate empirical orthogonal 
function (MV-EOF) analysis using data from 
2000 to 2013 (Jin et al., 2014). Simulated 
monsoon rainfall (mm day− 1) response to dust 
aerosols in (b) the Community Atmosphere 
Model (CAM5) over June–August for 10 years 
equilibrium simulations (Vinoj et al., 2014), 
(c) a regional weather forecasting model 
(WRF-Chem) over June–August for 2008 (Jin 
et al., 2015), and (d) a regional climate model 
(RegCM4) over the period of June–September 
for 2000–2009 (Solmon et al., 2015). Black 
dots in panels (b)–(d) indicate grid cells with 
statistically significant monsoon rainfall re
sponses (Adapted from Jin et al. (2014); Vinoj 
et al. (2014); Jin et al. (2015); Solmon et al. 
(2015)).   

Fig. 11. Simulated differences between the 
dust and non-dust experiments for (a) pre
cipitable water (shading; unit: mm) and 
water vapor flux (arrows; units: kg m− 1 s− 1) 
both integrated within the entire atmo
spheric column and (b) moist static energy 
(units: kJ kg− 1) in the three lowest model 
layers. Black dots represent the differences 
that are statistically significant at 95% con
fidence level based on a one-sided Student’s 
t test. The red arrows represent wind dif
ferences that have a 95% confidence level, 
and the gold arrows represent non- 
significant wind differences. The simula
tions covered June–July–August in 2008 
using the Weather Research and Forecasting 
model with online coupled chemistry (WRF- 
Chem) (copied from Jin et al. (2015)). (For 
interpretation of the references to color in 
this figure legend, the reader is referred to 
the web version of this article.)   
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compare the monsoon rainfall responses to each dust source region and 
anthropogenic emissions in South Asia, Jin et al. (2016b) selected three 
main dust source regions—the Middle East, the Thar Desert along the 
border between India and Pakistan, the Taklimakan and Gobi Deserts in 
West China, and designed simulations with dust emissions set to zero in 
each of these deserts. The difference between each of these simulations 
from the control simulation which included dust emissions in all deserts 
represent the impact of each individual desert on the monsoon rainfall. 
They found that the Middle East dust aerosols contribute to 77% of total 
increases in the monsoon rainfall induced by dust aerosols in the whole 
domain, which is comparable to the anthropogenic emission-induced 
contribution (i.e., 70% of the total rainfall increases due to dust). 

Dust aerosols also affect ISM variability on intraseasonal and inter
annual timescales. The intraseasonal variability of the ISM rainfall can 
be attributed to synoptic events, such as cyclones, depressions, and 
thunderstorms. A better understanding of the factors that contribute to 
the intraseasonal variability could significantly improve the predict
ability of the ISM rainfall (Hazra et al., 2013a; Hazra et al., 2013b; Saha 
et al., 2019; Saha et al., 2020; Swenson et al., 2020). Using satellite 
dataset, Singh et al. (2015) demonstrated that the dust and anthropo
genic aerosols over the Indian subcontinent could modulate the intra
seasonal variability of the ISM rainfall through altering cloud 
microphysical properties. A modeling study further found that dust 
aerosols from the Middle East could increase the amplitudes of the 
intraseasonal oscillations (ISOs) of the ISM rainfall with 10–20 and 
30–60 day periodicities and also substantially enhance the spatial 
variability of the 10–20 days ISOs (Singh et al., 2019). The impact of 
dust aerosols on the interannual variability of ISM rainfall was studied 
by Solmon et al. (2015) with a set of ten year simulations from 2000 to 
2009. They found that when dust emissions were prescribed as an 
increasing trend similar to that estimated using satellite retrieved AOD, 
the model can capture the observed increasing trend in monsoon rainfall 
during 2000–2009 (Fig. 10). However, when dust emissions were not 
prescribed and thus no trend in simulated AOD, the model failed to 
capture the increasing trend in monsoon rainfall. Their results indicate 
that the dust–monsoon relationship also exists on the decadal timescale. 
Note that the reason to prescribe dust emissions in their model simula
tions is that most of the current climate models cannot capture the inter- 
annual variability or long-term trend of dust emissions (Evan et al., 
2014; Evan, 2018). Therefore, one drawback of their study is that there 
is no feedback from monsoon on dust emissions, which will be discussed 
in more detail in Section 4.1. 

3.3.3. Uncertainties in modeled dust–monsoon relationship 
The spatial patterns of the ISM rainfall responses to the Middle East 

dust are very different in observation-based study (Jin et al., 2014) and 
numerical modeling studies (Vinoj et al., 2014; Solmon et al., 2015), as 
compared in Fig. 10, albeit all studies illustrated positive ISM rainfall 
response to the remote Middle East dust aerosols. The observation-based 
study showed that the positive monsoon anomalies due to dust are 
mainly confined to north of 20◦ N over the Indian subcontinent 
(Fig. 10a), while the modeling studies showed that the dust-induced 
positive rainfall anomalies are mainly located south of 20◦ N (Fig. 10b 
and d). Moreover, Jin et al. (2014) found a dust–monsoon interaction 
timescale of approximately 2 weeks, which is much longer than 5–7 days 
concluded from model simulations by Vinoj et al. (2014). Potential 
reasons for the spatial and temporal discrepancies in dust-induced 
monsoon rainfall changes among the foregoing studies are (1) the 
relatively coarse spatial resolution of the general circulation model (1.9◦

latitude × 2.5◦ longitude) used by Vinoj et al. (2014); simulations of 
high spatial resolution (about half degree) have been shown to be 
necessary to resolve the complex topography of the Tibetan Plateau (i.e., 
sharp gradient of altitude), which could largely improve the model 
performance in South Asia (Duan et al., 2013; Lin et al., 2018). (2) 
Uncertainties in model parameterizations of dust-related physical and 
optical processes. For example, modelled dust direct radiative effect 

demonstrates significant sensitivities to various shortwave radiation 
schemes (Fountoukis et al., 2018), planetary boundary layer schemes 
(Alizadeh Choobari et al., 2012), and assumptions of the dust mixing 
states with other aerosol species (Sokolik et al., 2001; Tuccella et al., 
2020). 

To reduce these two model uncertainties, Jin et al. (2015) designed 
32 ensemble simulations of high spatial resolution (54 km) by employ
ing various schemes of planetary boundary layer, shortwave radiation, 
and aerosol mixing state. The ensemble means of the dust-induced 
monsoon rainfall changes manifested very similar spatial patterns to 
those in the observational study (Fig. 10a versus Fig. 10c). It is worth 
mentioning that the spatial correlations between the modelled and 
observationally regressed monsoon rainfall response to the Middle East 
dust aerosols show a wide range (− 0.05 to 0.5) across various ensemble 
members (Jin et al., 2015), implying the importance of ensemble sim
ulations in improving the model performance in capturing the complex 
of dust–monsoon interactions. 

The magnitude and sign of the simulated ISM rainfall response to the 
Middle East dust are determined by the parameterization of dust 
absorbing properties. Dust absorbing ability is parameterized by the 
imaginary part of its complex refractive index, which spans a consid
erably diverse range from 0.001 to 0.008 in various climate models (Jin 
et al., 2016a; Di Biagio et al., 2019b). Model sensitivity study manifested 
that as dust aerosols change from purely scattering to highly absorptive 
(i.e., the imaginary part of dust refractive indices ranges from 0 to 
0.008), the dust-induced monsoon rainfall increases from − 0.2 to 1 mm 
day− 1 (Jin et al., 2016a), with a sensitivity of +0.16 (mm day− 1) per 
(i×10− 3), as shown in Fig. 12. By comparing model results against 
observational composite analysis, they found that monsoon rainfall 
response to dust aerosols is underestimated in their simulations, indi
cating more absorptive dust aerosols over the Arabian Sea may be 
needed to increase realism of the simulations. 

3.4. Impact of dust–cloud interaction on the ISM 

Besides the foregoing dust–radiation interaction, dust aerosols can 
also modulate the ISM system through dust–cloud interaction. Dust 
aerosols interact with cloud by acting as cloud condensation nuclei 
(CCN) and ice nuclei (IN), which can alter cloud microphysics, bright
ness, lifetime, cloud area cover, and consequently precipitation (Rose
nfeld et al., 2001; Chen et al., 2008; Karydis et al., 2011; Nenes et al., 
2014; Karydis et al., 2017; Jha et al., 2018). Pure mineral dust aerosols 
comprise a large portion of insoluble minerals and thus are not efficient 
CCN (Sullivan et al., 2009; Murray et al., 2012), but they can be coated 
by sulfate and nitrate and become efficient CCN through heterogeneous 
reactions with sulfur dioxide and nitrogen oxides during their transport 
in the troposphere (Trochkine et al., 2003; Levin and Cotton, 2008; Li 
and Shao, 2009; Matsuki et al., 2010). Dust aerosols may exert two 
contrasting effects on clouds once activated depending on their size 
distributions: (1) a large concentration of small dust particles (with radii 
< ~1 μm) could result in the formation of small cloud droplets and thus 
low coalescence efficiencies and less or delayed precipitation (e.g., 
Rosenfeld et al., 2001); (2) the large dust particles (with radii > ~1 μm) 
may act as giant CCN and result in high coalescence efficiencies and 
consequently facilitate precipitation (e.g., Kelly et al., 2007). Dust is also 
one of the most important sources of IN in mixed-phase and cirrus clouds 
(DeMott et al., 2003; Pratt et al., 2009; Kamphus et al., 2010; Baustian 
et al., 2012; Creamean et al., 2013; Cziczo et al., 2013; Tobo et al., 
2019). Adding IN in a supercooled liquid cloud could increase the hy
drometeor size, reduce hydrometeor concentration, and increase pre
cipitation (Andreae et al., 2004; Lohmann and Feichter, 2005; 
Rosenfeld, 2006; Rosenfeld et al., 2008). Our understanding about dust 
acting as IN remains poorer than dust as CCN, largely due to our limited 
knowledge about what makes efficient IN. 

Although a growing number of studies have investigated the dust–
cloud interactions, studies about dust–cloud–ISM rainfall interactions 
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Fig. 12. The simulated dependence of the response of Indian summer monsoon rainfall (8◦–35◦ N, 70◦–85◦ E) to the Middle East dust aerosols on dust absorbing 
property parameterized by the imaginary refractive index of dust. The period is for June–July–August in 2008. The dash line represents the least squares linear 
regressed from the means of rainfall responses on dust imaginary refractive indices (copied from Jin et al. (2016a)). 

Fig. 13. A schematic showing how the Middle East dust aerosols influence the ISM rainfall through the dust–radiation interaction. Red plus signs represent positive 
responses. “EQ” stands for equator (modified from Jin et al. (2015)). (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.) 
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are limited. Recently, using multiple satellite observations (e.g., CALI
PSO and MODIS) and reanalysis data, (Patel et al., 2019) investigated 
dust-induced changes in ice cloud properties and precipitation over the 
ISM region. They found contrasting dust-induced changes in ice cloud 
depending on cloud regimes: (1) For thin ice clouds, dust induced a 25% 
reduction in ice particle radius; (2) for thick ice clouds in strong updraft 
regimes, dust induced a 40% increase in ice particle radius and ice water 
path, which resulted in cloud deepening (so-called cloud invigoration 
effect) and consequently strengthened precipitation susceptibility. In 
light of high concentrations of dust aerosols and their significant impacts 
on clouds and monsoonal rainfall (Chen et al., 2008; Nenes et al., 2014), 
more effort should be put on the dust–cloud–ISM rainfall interactions in 
future. 

3.5. Summary of dust impacts on monsoon 

Two physical mechanisms through which the dust aerosols emitted 
from the Arabian Peninsula influence the ISM system are proposed: 
dust–radiation and dust–cloud interactions. The dust–radiation mecha
nism is summarized in a schematic in Fig. 13. The northwesterly “Sha
mal” winds reach its peak in the boreal summer and lift abundant 
quantities of dust particles in the atmosphere from major deserts in the 
Arabian Peninsula. These dust particles can be readily transported 
southeastward over to the Arabian Sea, where the confluence of the 
northwesterly Shamal winds and the strong southwesterly summer 
monsoon flow cause strong uplift and thus accumulation of dust aerosols 
within 900–500 hPa atmospheric layers. The elevated dust aerosols over 
the Arabian Sea can heat the lower and middle troposphere by their 
strong absorption of solar radiation and deepen the strong north-south 
thermal gradient, which further strengthens both the southwesterly 
monsoon flow and the northwesterly Shamal winds. The enhanced 
southwesterly monsoon flow could transport more water vapor from the 
Arabian Sea to the Indian subcontinent and consequently cause an in
crease in monsoon rainfall. On the other hand, the enhanced north
westerly Shamal winds could generate and transport more dust particles 
from the Arabian Peninsula to the Arabian Sea, and thus forming a 
positive feedback loop between dust and Shamal winds. The higher 
terrain of the Iranian Plateau and the western Himalayas can enhance 
the accumulation of dust over the foothill regions and the rising motion 
of air (Lau et al., 2020). Such a physical mechanism linking dust heating 
and the enhanced low-level southwesterly over the Arabian Sea leading 
to increase ISM rainfall in downwind regions is analogous to the EHP 
effect over the Tibetan Plateau (Lau et al., 2006). The dust–cloud 
mechanism works mainly through dust aerosols acting as ice nuclei, 
which can alter the microphysical properties of ice clouds and conse
quently the ISM rainfall (Patel et al., 2019). 

4. The ISM impact on dust emission and transport 

4.1. The ISM impact on Arabian dust emission 

It has long been recognized that the global monsoon systems can 
cause desertification in subtropical regions. The monsoon diabatic 
heating can induce Gill-Matsuno-type Rossby waves (Matsuno, 1966; 
Gill, 1980) that propagate westward and causes the southern flank of the 
midlatitude westerlies to descend and consequently form global major 
deserts (Rodwell and Hoskins, 1996, 2001; Tyrlis et al., 2012; Tyrlis 
et al., 2014). Through the above mechanism, the ISM could significantly 
influence the summertime circulation over the Arabian Peninsula and 
adjoining regions at inter-annual timescale (Attada et al., 2018). During 
the strong ISMs, the upper tropospheric heating induced by latent heat 
release in strong monsoonal convections expands westward over the 
northern Arabian Peninsula. This expansion of heating triggers the 
Rossby wave that is forced westward by the upper tropical easterly jet. 
The westward expansion of the upper-tropospheric high strengthens the 
upper-level convergence and mid- to low-level divergence, resulting in a 

low-level high pressure centered over the northern Arabian Peninsula. 
The low-level high pressure strengthens the north to south pressure 
gradient and thus the northwesterly Shamal wind. This hypothesis is 
depicted as a schematic diagram in Fig. 14. Note that this low-level high 
pressure could also prohibit the formation of clouds and precipitation 
and thus may result in drier soil and enhance dust emissions. Although 
the mechanism through which the ISM could module the Arabian 
Peninsula summertime climate has been proposed, few studies have 
explored the extent to which the ISM can influence dust emissions over 
the Arabian Peninsula through perturbing circulations and surface soil 
properties. 

4.2. The IMS impact on dust horizontal transport to the Arabian Sea 

Not until a recent study from Sharma and Miller (2017) that 
addressed the potential impact of the ISM circulation on dust emissions 
in the Arabian Peninsula, have almost all of the previous studies focused 
on dust aerosols’ impact on the ISM rainfall. By omitting the radiative 
effect of dust aerosols in their simulations, they addressed how the ISM 
influences dust emissions in the Middle East and the Arabian Sea. After 
turning off dust radiative effect, they can still detect statistically sig
nificant positive correlation between monsoon rainfall over central 
India and AOD over the Arabian Sea. Therefore, they attributed the 
observed dust–monsoon correlation to the impacts of monsoonal winds 
on dust emissions and transport from the Arabian Peninsula to the 
Arabian Sea instead of dust radiative effect on monsoon rainfall. How
ever, the simulated positive correlation between AOD and monsoon 
rainfall could also come from the positive correlation between monsoon 
circulation and sea salt aerosols given that the southwesterly monsoon 
winds is the main driver of the sea salt emission over the Arabian Sea (Li 
and Ramanathan, 2002; Vinoj and Satheesh, 2003; Vinoj et al., 2014). 
Such a positive correlation between the ISM rainfall and sea-salt can also 
be detected in reanalysis data, as shown in Fig. 9. We believe that it 
warrants a more stringent model experiment design, in which the 
interaction between sea-salt and the ISM system should be removed by 
turning off sea-salt emission in model simulations. to address the 
physical mechanisms behind the dust–monsoon interaction in the 
future. 

4.3. The ISM impact on dust vertical transport to upper troposphere and 
lower stratosphere (UTLS) 

Strong overshooting deep convection associated with the ISM system 
can efficiently transport dust aerosols among other air pollutants from 
surface to the UTLS (Randel et al., 2010; Yu et al., 2017). During the ISM 
onset, dust aerosols emitted from the Thar Desert and Arabian Peninsula 
start to be transported to the Indo-Gangetic Plain by the strong low-level 
monsoon southwesterly and then get trapped by local topography and 
accumulated over this region (Xu et al., 2018; Hu et al., 2019; Hu et al., 
2020). Fine dust particles in the upper troposphere and lower strato
sphere above clouds where wet scavenging is minimized, can reach a 
highest concentration during peak monsoon season due to strong ver
tical transport by penetrative deep convections. It has been suggested 
that monsoonal overshooting deep convections play crucial roles in 
uplifting dusts from the Middle East and adjacent desert regions, as well 
as and other pollutants in the Asian Summer Monsoon (ASM) regions 
into the UTLS through preferred pathways along the Himalayas foothills 
around the western, southern and eastern edge of the Tibetan Plateau 
(Lau et al., 2018; Yuan et al., 2019). 

5. Alternative hypotheses on dust–monsoon relationship 

5.1. Topographic heating over the Iranian Plateau 

The dust–monsoon relationship has been relatively well addressed 
from the weekly to seasonal timescales but has not been systematically 
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studied from the decadal to interdecadal timescales due to a lack of long- 
term satellite observations of dust emissions. Using wind data as a proxy 
for dust emissions, Jin (2015) investigated the interdecadal variabilities 
of the Arabian dust and the ISM rainfall from 1979 to 2013. Here, we 
have extended the time period to 1980–2019 and evaluated the 
robustness of the interdecadal variabilities by employing multiple 
datasets of rainfall and wind. The frequency and magnitude of strong 
winds were used as a proxy of dust emissions since satellite retrievals of 
aerosol optical depth were not available over the Arabian Peninsula 
before 2000. Strong winds were defined as hourly wind speeds that are 
greater than the 90th local percentiles, which was calculated for each 
month using hourly data from 1980 to 2019. The results showed positive 
trends during the period of 2002–2019 in both the frequency and 
magnitude of the strong winds in MERRA reanalysis and AOD in three 

satellite retrievals over the Arabian Peninsula, as well as the ensemble 
mean of the ISM rainfall in three rainfall datasets over the Northern 
Central India (Fig. 15). From 1980 to 2001, however, negative trends 
were detected in the ISM rainfall and the strong wind frequency and 
magnitude in MERRA. These preliminary results suggested that the 
Arabian dust could interact with the ISM system at the interdecadal 
timescale. Note that no significant trends in strong wind frequency and 
magnitude were detected in MERRA-2 reanalysis during the period of 
1980–2001, but similar positive trends were seen in MERRA and 
MERRA-2 during the period of 2002–2019. The differences in the 
MERRA and MERRA-2 wind fields were also seen over North Africa 
(Evan, 2018). Attribution of the differences is beyond the scope of this 
review. 

One possible physical mechanism linking the Arabian dust and the 

Fig. 14. A schematic diagram showing how 
the Indian summer monsoon cloud influence 
the Arabian Peninsula summertime climate. 
The monsoon-induced upper tropospheric 
heating expanded westward and reached a 
maximum over the northern Arabian Penin
sula during strong monsoons. This heating 
may trigger the Rossby wave that is pushed 
westward by the upper tropical easterly jet. 
The westward expansion of the upper- 
tropospheric high intensified the mid- to 
low-level divergence over the Arabian 
Peninsula, which could cause a near-surface 
high pressure and consequently influence 
the summertime climate over the Arabian 
Peninsula, such as resulting in a strengthened 
northwesterly Shamal wind (Attada et al., 
2018) (copied from KAUST (2018)).   

Fig. 15. Decadal dust–monsoon relation
ships. The ensemble mean monsoon precipi
tation rate (mm day− 1) is area-averaged over 
North Central India during 
June–July–August–September. Three precipi
tation datasets–CRU, GPCC, and PREC/L, are 
used to calculate the ensemble mean and the 
gray area indicates one standard deviation of 
the three datasets. Aerosol optical depth and 
strong wind frequency (%) and speed (m s− 1) 
are area-averaged over South Arabian Penin
sula during the boreal summer (i.e., 
June–July–August). Strong winds are defined 
as hourly wind speed greater than the 90th 

percentile of local wind. The vertical bar 
marks the reversal of these variables around 
2002.   
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ISM rainfall at the interdecadal timescale is through the thermal forcing 
of the Iranian Plateau. The summertime temperature in the mid- 
troposphere over the Iranian Plateau was found to be positively corre
lated with 1) the ISM rainfall at the interdecadal timescale from 1967 to 
2015 (Zhang et al., 2019b) and 2) the summertime near-surface Shamal 
wind and AOD over the Arabian Peninsula and the Arabian Sea from 
2000 to 2013 (Jin et al., 2014). Therefore, here we propose another 
hypothesis that the observed positive dust–monsoon correlation could 
be partially attributed to the heating over the Iranian Plateau, which 
could enhance the dust emissions over the Arabian Peninsula through 
strengthening the Shamal winds as well as the ISM circulations and 
rainfall at the interdecadal timescale. Numerous factors could contribute 
to the mid-troposphere temperature variations over the Iranian Plateau, 
and further studies are needed to identify them. However, it is worth 
mentioning that dust and soil moisture are two potential factors that can 
influence the mid-troposphere temperature over the Iranian Plateau. 

5.2. Cloud-radiation-circulation feedback 

Recent climate model experiments have indicated that the impacts of 
Middle East dust, through radiation-circulation interactions, are likely 
to extend from the ISM to the East Asian summer monsoon (EASM), and 
regions beyond. Numerical experiments performed using the Model for 
Prediction Across Scales (MPAS) coupled with the Community Atmo
sphere Model (CAM5) physics shows that increased dust emissions and 
transport from the Middle East/West Asia region induces a strong dust- 
cloud-radiation-circulation feedback, resulting in warmer and moister 
troposphere with enhanced cloudiness and precipitation over the 
Pakistan/Northwest India (PNWI) region (Lau et al., 2020). The 
warming is amplified by the dust induced Elevated Heat Pump (EHP) 
mechanism along the West Himalayas/Iranian Plateau foothill regions, 
most pronounced during May–June. During July–August, 
cloud–radiation–circulation feedback further enhances the warming of 
troposphere over the PNWI and adjacent regions over West Asia, as well 
as induced cooling over East Asia. The upper tropospheric heating and 
increased precipitation over PNWI spur a large-scale anomalous Rossby 
wave train and a northward displacement of the subtropical jet stream, 
accompanied by a westward shift of the Western Pacific Subtropical 
High. As a result, the entire ASM precipitation-cloud system is displaced 
westward. Precipitation and cloudiness are intensified over northwest 
and western India and West Asia but suppressed over southern and 
central East Asia. The simulated responses of precipitation and cloudi
ness to the dust-induced westward shift of the WPSH and entire ASM 
system are generally consistent with observational studies. Observations 
demonstrated that a westward shift of the monsoon trough over South 
Asia and the North Pacific Subtropical High is associated with an 
enhancement in precipitation over PNWI and East Asia (Mujumdar 
et al., 2012; Preethi et al., 2016). Analyses of the sub-seasonal to sea
sonal variability of the upper-level vorticity balance suggests that 
anomalous diabatic heating over PNWI induced by Middle East dust 
radiative heating plays an important role in anchoring a quasi-stationary 
upper level Rossby wave train spanning Eurasia, the Tibetan Plateau/ 
northern India, and East Asia, affecting the regional climate of these 
regions. 

While the aforementioned idealized climate model experiments have 
offered plausible mechanisms for extended influence of the Middle East 
dust on ASM variability, details of the regional feedback processes are 
subject to uncertainties in model representation of physical and optical 
properties of dust aerosols, as well as the physics of dust emissions, 
transport and removal processes. These mechanisms, and possibly 
others, need to be better understood and validated against available 
observation records of dust aerosols, clouds, impurities in snow and 
meteorological variables from re-analyses, as well as multi-model 
intercomparison studies. 

6. Challenges in dust simulation and global implications 

6.1. Dust interannual and decadal variabilities in simulation 

Global and regional dust emissions demonstrate strong interannual 
and decadal variabilities (Mahowald et al., 2010; Zhang and Reid, 2010; 
Hsu et al., 2012; Shao et al., 2013; Evan et al., 2016; Klingmüller et al., 
2016; Pu and Ginoux, 2016; Jin et al., 2018; Gandham et al., 2020). 
Many studies on dust–climate interactions focused on the seasonal or 
shorter time scale, largely because current climate models, including 
both regional and global models, are unable to capture the observed 
interannual or decadal variability of dust emissions. Evan et al. (2014) 
compared African dust emissions in 23 CMIP5 model simulations against 
satellite retrievals for 1982–2005 and found that all simulations signif
icantly underestimated dust loadings and failed to capture the observed 
dust interannual variability. Smith et al. (2017) found that the correla
tion coefficients between the simulated dust by CESM and observations 
for the period of 1990–2005 ranged from 0.1 to 0.6 in global major dust 
source regions, indicating that the model still have difficulty in accu
rately simulating interannual variability in dust. 

To produce more realistic dust emissions in climate model simula
tions comparable to satellite retrievals, modelers have to adjust the 
tuning factor in dust emissions scheme or the dust erodibility map in the 
model input data for each season or each year. For example, using a 
regional climate model of high horizontal resolution, Solmon et al. 
(2015) found that the model cannot reproduce an observed increasing 
trend of AOD over the Arabian Peninsula during 2000–2009. To 
reproduce such an increasing trend in the model, they had to prescribe 
dust emissions in the erodibility maps. However, prescribing dust 
emissions can result in the lack of meteorological feedback to dust 
emissions, which was shown to play an important role in dust emissions 
and transport (Sharma and Miller, 2017). Therefore, this method is not 
suitable to study the two-way interactions between dust aerosols and 
climate. Note that even for simulations of dust storm events, the emis
sion rates have to be adjusted for each event, because they are highly 
case-dependent and can span a wide range from 0.65 to 22 μg s2 m− 5 in 
different dust source regions and during different seasons (Kim et al., 
2017). It is also worth pointing out that the use of the tuning factor used 
in most of dust emission schemes is to scale the magnitude of dust 
emissions so that the simulated total AOD is comparable to satellite 
retrieved values or other observations, but there is no physical basis for 
the tuning. As a result, although the tuning factor plays an important 
role in simulating dust emissions, it is not influenced by meteorological 
fields and thus reduces the susceptibility of dust emissions to climate 
change. 

Recently, a temporally dynamic soil erodibility map that is highly 
susceptible to wind speed was developed and evaluated against surface 
observations. By combining theory, observations, and numerical simu
lations, (Kok et al., 2014b) derived a physically based dust emission 
parameterization, in which a dynamic dust emission coefficient that is a 
measure of soil erodibility was introduced. The dust emission coefficient 
has similar spatial patterns to dust source functions developed in pre
vious studies (e.g., Ginoux et al., 2001), but it is calculated based on the 
standardized threshold friction velocity and thus it is time varying. 
Model results shown that the new dust emission scheme is sensitive to 
climate change and can significantly improve the simulation of the 
spatial patterns of dust emissions (Kok et al., 2014a). However, pre
liminary investigations showed that the new dust emission scheme has a 
limited ability to capture the interannual variability of dust optical 
depth over the dust-dominated region of 10–20◦N and 20–30◦W, off the 
West-African coast from 1980 to 2008, albeit it better reproduced the 
long-term trend of dust optical depth (Kok et al., 2018). More modeling 
studies should be carried out to assess the ability of the new dust 
emission scheme in reproducing the interannual variability of dust 
emissions in major dust source regions across the globe. 

Besides dust emissions, there are still a number of other factors that 
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could cause biased simulations of dust interannual variability, such as 
near-surface wind speed and land surface properties (Pu and Ginoux, 
2017; Evan, 2018; Jin and Wang, 2018; Pu et al., 2019; Pu et al., 2020). 
However, very few studies have elucidated the causes of the systematic 
errors in interannual variability of dust emissions in model simulations. 
Using an idealized model, Evan (2018) showed that a biased dust 
interannual variability in CMIP5 models came from errors in surface 
winds rather than the representation of dust emission processes. Pu and 
Ginoux (2018) found that CMIP5 models tend to overestimate the in
fluences of surface winds on dust emissions and underestimate the in
fluences of vegetation in comparision with obsevations. Therefore, 
future studies should also be focused on the boundary layer processes to 
improve the simulation of near-surface wind speed and vegetation var
iations and ultimately dust interannual and decadal variabilities. 

6.2. Factors affecting dust absorption of solar radiation 

The climatic impacts of dust aerosols are mainly through absorbing 
solar radiation and heating the atmosphere, such as the Middle East 
dust–ISM interaction and the EHP effect over the Tibetan Plateau. Dust 
absorption is determined by multiple factors: particle number size dis
tribution, chemical mixing state, complex refractive index, chemical 
compositions, particle shape, vertical distribution relative to clouds, and 
land surface reflectance under dust layer, among others. In this review, 
we address the uncertainties in the first three factors. 

6.2.1. Size distribution 
The size distribution of dust aerosols plays a dominant role following 

dust mass load in determining the direct radiative effects (Mahowald 
et al., 2014). Small dust particles (< 2 μm) exhibit strong scattering of 
solar radiation, while large dust particles (> 10 μm) demonstrate strong 
absorption of both solar and terrestrial radiation (Tegen and Lacis, 1996; 
Miller et al., 2006). Not until recently, has the scientific community 
considered the fact that a significant amount of dust particles suspended 
in the atmosphere over source regions and even transported long-range 
can readily reach sizes > 10 μm (Stuut and Prins, 2014; van der Does 

et al., 2018). A number of global climate models overestimate fine dust 
by a factor of 2–8 relative observations (Kok, 2011) yet underestimate 
coarse dust by a factor of 4 (Adebiyi and Kok, 2020), which caused an 
overestimation of dust cooling effect (Kok, 2011). With a corrected dust 
size distribution and dust abundance load, the globally averaged dust 
direct radiative effect was estimated between − 0.48 to +0.20 W m− 2 

that was a much less cooling effect than the ~− 0.4 W m− 2 estimated by 
current global climate models (Kok et al., 2017; Kok et al., 2018). These 
results imply that dust aerosols may play a more important role than 
previously thought in shaping regional climate through absorption in 
and near dust source regions, where most of coarse particles reside. 

6.2.2. Chemical mixing states 
Aerosol chemical mixing states are defined by the distribution of 

multiple chemical species across a population of particles within an 
aerosol. Two mixing states are defined: internal and external. An aerosol 
of internal mixing means “all particles in the population contain the 
same species in the same mass fractions”, while an aerosol of external 
mixing means “every particle contains just one species”, as illustrated in 
Fig. 16 (Riemer et al., 2019). 

Aerosol optical properties, such as scattering and absorption, are 
partially determined by their mixing states. Generally, the internal 
mixing can result in a more absorbing aerosol mixture than does external 
mixing. This is because in internal mixing, the absorbing particles are 
contained in every mixed aerosol and thus cause all mixed aerosols to 
become absorbing, which generally exceed that if all the absorbing 
particles concentrate exclusively on absorbing aerosols (Seinfeld and 
Pandis, 2016). For example, the global mean of all-sky direct radiative 
effect of black carbon estimated by core-shell internal mixing can be 
significantly larger than that estimated by external mixing (Kim et al., 
2008; Tuccella et al., 2020). 

Activation of fine aerosol particles (diameter < ~1 μm) is also 
largely influenced by the mixing state. Generally, dust aerosols are 
dominated by coarse particles (diameter > ~1 μm) by mass and surface 
area size distribution, but they are dominated by fine particles by 
number size distribution (Mahowald et al., 2014), particularly after a 

Fig. 16. Illustrative example of how various assumptions about the aerosol 
mixing states can affect the efficiency of activation of aerosols as cloud 
condensation nuclei (CCN). For each of mixing state, the six particles together 
consist of 50% hygroscopic sea salt (blue) and 50% hydrophobic dust (gold) by 
volume. Particles with blue and yellow stripes comprise the two components of 
the same volume that are homogeneously distributed within the particle. For 
this example, a hypothetical particle diameter of 400 nm (i.e., fine dust and sea 
salt) makes that the chemical composition instead of particle sizes dominate 
CCN activity. The top populations show the mixing states, while the bottom 
three populations show particles that would be activate act as CCN at 288 K 
and 0.3% supersaturation, assuming that sea salt has a hygroscopicity 
parameter κ = 0.65 and dust has κ = 0.01 (modified from Riemer et al. 
(2019)). (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)   
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long-distance transport from the source regions (Maring, 2003; Denjean 
et al., 2016a; Denjean et al., 2016b). Therefore, fine dust aerosols could 
work as important cloud condensation nuclei (CCN) if they are mixed 
with hygroscopic aerosol constituents, such as sulfate or sea salt. Fig. 16 
is an illustrative example of how the mixing states of dust and sea salt 
could influence activation of mixed dust. Similar to the reasoning of the 
absorbing property of mixed dust, internal mixing of dust with sea salt 
can result in two folds as much activated aerosols as external mixing 
(Fig. 16). Consequently, the strength of the fine dust and warm cloud 
interaction can be significantly influenced by assumptions of dust mix
ing state in the model. Note that the activation of coarse dust particles as 
ice cloud (Prenni et al., 2009; Tobo et al., 2019; Zhao et al., 2019) is 
largely determined by particle size (Reicher et al., 2019) and much less 
dependent on dust hygroscopicity or mixing state than do fine dust 
particles as CCN in observations. 

A real-world aerosol mixing state is between internal and external 
mixing states. A useful metric to quantify the mixing state is the mixing 
state index χ (Riemer and West, 2013), which ranges from 0% (a 
completely externally mixed population) to 100% (a completely inter
nally population). Typical values of χ are 72% when continental pollu
tion dominated and 37% when maritime air mass was prevalent (Healy 
et al., 2014). Although aerosol mixing state has a large variation indi
cated by the range of χ and play an important role in calculating aerosol 
optical properties, in most of current climate models, it is oversimplified, 
i.e., the aerosols are assumed either fully internally or externally mixed 
(e.g., Liu et al., 2012; Lee et al., 2016). Therefore, in future development 
of aerosol schemes, χ should be taken into account to improve the 
simulation of absorption and activation as CCN of mixed dust aerosols 
and thus the dust-induced aerosol–radiation (Matsui et al., 2018) and 
aerosol–cloud (Riemer et al., 2019) interactions. This is particularly 
important in regions with major aerosol species from difference sources, 
such as dust and sea salt mixture over the Arabian Sea (Tandule et al., 
2020) and the tropical Atlantic Ocean (Prospero and Mayol-Bracero, 
2013), biomass burning generated black carbon and sea salt mixture 
over South Atlantic Ocean (Schill et al., 2020), and carbo
naceous–sulfate–nitrate aerosol mixture over urban areas (Snider et al., 
2016). For example, dust aerosols emitted from Northwest China can be 
transported long-distance to urban regions in Southeast China where 
they can readily get mixed with anthropogenic aerosol species and 
consequently the mixed dust aerosols are 50% more absorbing than pure 
dust or anthropogenic aerosols (Tian et al., 2018). 

6.2.3. Refractive index 
One of the largest uncertainties in simulations of dust optical prop

erties is its complex refractive index, which is expressed as follows, 

n = n+ iκ, (1)  

where the real part n is phase velocity accounting for scattering or 
refraction, while the imaginary part κ is called the extinction coefficient 
or the mass attenuation coefficient and is responsible for absorption. The 
influence of κ on radiation absorption can be easily shown in a plane 
wave. For the electric field of a plane electromagnetic wave traveling in 
the z-direction, the plane wave can be expressed as: 

E(z, t) = e− 2πκz/λ0 Re
[
E0ei(kz− ωt) ], (2)  

where E0 is a constant vector; k = 2πn/λ0 with λ0 being the wavelength in 
the vacuum; ω is the angular frequency and t is time. The density of the 
electric field is proportional to its square, so the density of light decays 
by a factor of e4πκ/λ0 as the light travels within a dust particle by a unit 
distance. Therefore, the absorption of radiation by dust particles in
creases exponentially with κ but decreases with wavelength. 

Both n and κ depend on chemical composition or mineral compo
nents of dust aerosols. Hematite and goethite are two iron minerals in 
dust particles that determine the absorptive properties of dust aerosols 
(Balkanski et al., 2007; Di Biagio et al., 2019a). Hematite has extremely 

strong absorption of shortwave radiation, with a larger κ of about 0.9 
than elemental carbon (κ = 0.5) and organic carbon (κ = 0.05) at 440 nm 
(Koven and Fung, 2006). Due to different content of iron oxides in dust 
aerosols emitted from different source regions (Moosmüller et al., 2012), 
the imaginary part κ varies by almost two orders of magnitude (0.0001 
to 0.008 at 550 nm) with the corresponding single scattering albedo 
(SSA) ranging from 0.99 to 0.80 at 550 nm (Di Biagio et al., 2019a and 
therein). On the contrast, the real part n of dust refractive index ranges 
between 1.47 and 1.56 at 550 nm. 

The large variations of κ could affect the magnitude and sign of dust 
directive radiative effect (cooling vs. heating) at TOA on both regional 
and global scale (Liao and Seinfeld, 1998; Balkanski et al., 2007; Colarco 
et al., 2014; Tuccella et al., 2020), and change the impact of dust 
aerosols on regional and global climate (Das et al., 2015; Bangalath and 
Stenchikov, 2016; Jin et al., 2016a; Strong et al., 2018; Evans et al., 
2020). For instance, the global-averaged dust TOA radiative effect at all- 
sky conditions can vary from − 0.21 to +0.17 W m− 2 as κ increases from 
about 0.004 to 0.008 at 550 nm (Balkanski et al., 2007). Moreover, the 
debate on the “EHP” hypothesis—inconsistent responses of the Indian 
summer monsoon rainfall to Asian dust aerosols in models (Nigam and 
Bollasina, 2011 and therein), could be stemmed from different κ values 
used in various climate models. For example, increasing κ from zero to 
0.008 at 600 nm could cause the response of the ISM rainfall to the 
Middle East dust aerosols shift from negative (less rainfall) to positive 
(more rainfall), as shown in Fig. 12 (Jin et al., 2016a). 

Despite the large variations of κ and the consequent uncertainties in 
modeling dust radiative effect and dust–climate interactions, almost all 
climate models apply a globally constant κ value (Sand et al., 2021), 
assuming a globally homogeneous content of iron oxides of dust aero
sols. However, various studies have shown that iron and iron oxides dust 
content is highly variable at regional even local scales (Lafon et al., 
2006; Di Biagio et al., 2019a). To account for the spatial heterogeneity of 
dust mineral compositions, global map of dust mineral composition has 
be derived (Perlwitz et al., 2015a) and incorporated into climate models 
to simulate dust as component minerals (Perlwitz et al., 2015b; Scanza 
et al., 2015; Li et al., 2020). 

However, the available map of dust mineral composition is derived 
based on the relation between soil type and mineral composition (Cla
quin et al., 1999), which is further derived from a very limited number 
of observations particularly in arid regions that contain dust sources 
(Perlwitz et al., 2015a). Therefore, a detailed and high-spatial resolution 
global map of dust mineral composition is required to better resolve the 
large spatial heterogeneity of dust absorption. To begin in 2022, the 
Earth surface Mineral dust source InvesTigation (EMIT), a NASA’s 
fourth Earth Venture Instrument project, will map the soil minerology in 
arid dust source regions around the world (Green et al., 2020). EMIT will 
use a sensor mounted to the International Space Station to image spec
troscopy in the visible and infrared wavelength. A global map of soil 
minerology with high spatial resolution will be retrieved through these 
observations. The EMIT products have great potential to improve the 
simulation of global dust absorption, which will further significantly 
reduce the uncertainties in estimation of global dust direct radiative 
effect and dust–climate interactions. 

6.3. Anthropogenic dust sources 

The term of “dust”, so far, has been referred to as the natural dust 
aerosols, which are emitted from bare surfaces such as deserts. Its 
counterpart, anthropogenic dust, accounts for a significant fraction of 
the global total dust emissions (e.g., Webb and Pierre, 2018). However, 
most climate models do not take into account of anthropogenic dust 
(Chen et al., 2018), which could cause an underestimation of anthro
pogenic climate change. 

Anthropogenic dust is categorized into direct and indirect emissions 
based on the way it is emitted (Zender et al., 2004). Direct anthropo
genic dust is produced or emitted by human activities, examples of 
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which include agricultural cultivation, vehicle-based dust emissions 
from paved and unpaved roads, mining, construction, and so on; while 
indirect anthropogenic dust represents changes in dust emissions due to 
human-induced climate change. The contribution of anthropogenic 
dust, including both categories, to the total dust emissions at the global 
scale has a large uncertainty, ranging from 10% to 60% (Mahowald and 
Luo, 2003; Zender et al., 2004). Recent studies constrained this contri
bution to about 25% using long-term satellite retrievals (Ginoux et al., 
2012; Huang et al., 2015). 

Although anthropogenic dust plays an important role in global dust 
cycle, currently, most climate models do not take into account anthro
pogenic dust sources. The global distribution of dust sources is repre
sented as dust source function or soil erodibility in climate models, 
which is a measure of the susceptibility of soil particles to detachment 
from the surface and ejection into the air by strong winds. Various 
methods were proposed to calculate dust source function, including 
topographic, geomorphic, and hydrologic methods (Ginoux et al., 2001; 
Zender, 2003; Grini et al., 2005) as well as satellite-retrieved frequency 
of absorbing aerosol events (Prospero et al., 2002). These dust source 
maps were derived to simulate natural dust emissions and thus ignored 
anthropogenic dust. 

New dust source maps should be produced to include anthropogenic 
dust sources in future simulation of dust cycle. Vegetation indices, such 
as Normalized Difference Vegetation Index (NDVI), were used to 
calculate dynamic surface bareness maps that were used as dust source 
function or soil erodibility in dust emission parameterization scheme 
(Kim et al., 2013; Xi and Sokolik, 2015). Such a dust source function 
map may include a portion of anthropogenic dust source regions, such as 
cropland and pastureland, depending on the chosen threshold of NDVI. 
Using these dynamic dust source maps, a number of studies estimated 
the global anthropogenic dust emissions (Chen et al., 2018; Chen et al., 
2019) and assessed the improvement of the new dust emission schemes 
in reproducing dust emissions over the human disturbed vegetated 
surfaces (Vukovic et al., 2014; Kim et al., 2017). 

Due to climate change and human activities, some lakes around the 

world has been dried up and important new anthropogenic dust sources 
have been formed (Jin et al., 2017; Parajuli and Zender, 2018), espe
cially in the Middle East and Central Asia (Pekel et al., 2016). For 
example, the Aral Sea in Central Asia has been dramatically shrinking 
during the past 4 to 5 decades (Gaybullaev et al., 2012), causing a large 
part of the lake bottom be exposed to the air and thus more frequent dust 
storm events (Jin et al., 2017; Li and Sokolik, 2018). However, these 
newly formed anthropogenic dust sources have not been included in the 
current dust source maps. The lack of these new anthropogenic dust 
sources in current research efforts has a clear impact on the estimation of 
global dust emissions and its trend in future, given that dryland is pro
jected to expand in an accelerated rate during the rest of this century 
(Feng and Fu, 2013; Huang et al., 2016). 

7. Conclusion 

In this review, we have identified several physical mechanisms 
behind the interactions of Asian mineral dust aerosols with the Indian 
summer monsoon rainfall, and the broad scale ASM, and also addressed 
the current challenges in numerical simulations of dust physical and 
chemical properties and the associated climatic impacts at the global 
scale. 

The Asian dust–ISM monsoon interactions involve complex in
teractions of dust, clouds, circulation, convection and precipitation, as 
summarized in Fig. 17. Dust aerosols accumulated over the Arabian Sea 
during the monsoon season are transported from four sources: the 
Arabian Peninsula, Iran–Afghanistan–Pakistan, the Thar Desert, and the 
Horn of Africa. These transported dust aerosols can be readily lifted to a 
high altitude and get stacked over the Arabian Sea along the inter- 
tropical discontinuity areas (i.e., with near-zero meridional wind), 
which is formed by the concurrent of northwesterly Shamal wind and 
northerly Levar wind from land mass and southwesterly monsoon flow 
from ocean. Radiative heating through the stacked effect of dust aerosols 
could induce diabatic heating–dynamical feedback analogous to the 
EHP (Lau et al., 2006). This results in a strengthening of the northwest 

Fig. 17. Schematic diagram showing the interactions between the Asian dust and the ISM monsoon. Dust–ice cloud interaction is discussed in Section 3.4 and not 
included in this schematic. Acronyms: EHP=Elevated Heat Pump; SDE=Snow Darkening Effect. 
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Shamal wind and an enhancement of the southwest monsoonal flow. A 
stronger Shamal wind can cause more dust emissions, forming a positive 
feedback loop between dust induced EHP effect over the Arabian Sea 
and the Shamal wind (Jin et al., 2015). On the other hand, the 
strengthened southwest monsoonal flow can generate more sea salt 
aerosols (Li and Ramanathan, 2002), which can exert a negative impact 
on the monsoonal circulations and rainfall through scattering solar ra
diation and thus cooling the mid-troposphere (Vinoj et al., 2014), which 
in turn reduces sea salt emissions. As a result, a negative feedback loop 
exists between the southwest monsoonal flow and sea salt over the 
Arabian Sea. The observed positive correlation between the monsoonal 
rainfall and AOD over the Arabian Sea indicates that the positive feed
back loop between Shamal wind and the dust induced EHP effect 
dominates the negative feedback loop between the southwest 
monsoonal flow and sea salt emissions. Snow-darkening effect (SDE) 
caused by the deposition of black carbon and dust in snow and ice in the 
high terrains of the Iranian Plateau and the western Tibetan Plateau 
during boreal spring and early summer can also reduce the snow albedo 
and warm the land surface and subsequently the troposphere (Lau and 
Kim, 2018; Rahimi et al., 2019). A warmer troposphere due to SDE over 
the Tibetan Plateau can further amplify the EHP effect and modulate the 
rainfall patterns of the ISM and EASM, through displacement of the jet 
stream, and development of upper-level wave-train teleconnections. 

Additionally, topographic heating over the Iranian Plateau could 
further strengthens the summer Shamal wind and thus enhance dust 
emissions and dust transport to the Arabian Sea. This heating has been 
long recognized as one of the drivers for the initialization and devel
opment of the ISM system (Wu et al., 2012; Wu et al., 2017; Zhang et al., 
2019b). Dust accumulation over the southern foothills of the Iranian 
Plateau and West Himalayas can also be effective in inducing EHP 
dynamical feedback (Lau et al., 2020). Therefore, both dust emissions in 
the Arabian Peninsula and the monsoonal rainfall could be enhanced by 
a stronger heating over the Iranian Plateau, which could be an important 
physical mechanism responsible for the observed positive correlation 
between AOD over the Arabian Sea and monsoonal rainfall. 

The aforementioned physical mechanisms are subject to large un
certainties in observations and model physics. These include dust vari
ability at various timescales (e.g., from interannual to decadal to 
interdecadal timescales), number size distribution, chemical mixing 
state, refractive index, and anthropogenic dust sources from agricultural 
and land use changes (Ginoux et al., 2012; Evan et al., 2014; Jin et al., 
2016a; Kok et al., 2017; Di Biagio et al., 2019b). These factors could 
ultimately affect desert dust–monsoon interaction for the ISM, and re
gions beyond. More observational and modeling efforts should be 
devoted to a better understanding of these physical processes and 
improving their representations in climate models to reduce the un
certainties in dust–monsoon interactions in future. 

As a final note, based on studies on impacts of dust aerosols on 
regional weather and climate in ASM regions revealed by this review, it 
is likely that dust aerosols could play even more important roles in 
aerosol–climate interactions than previously believed. As anthropogenic 
emissions of aerosols and aerosol precursors have been decreasing in 
Europe (e.g., Provencal et al., 2017), North America (e.g., Jin and Pryor, 
2020), and China (e.g., Zhai et al., 2019; Zhang et al., 2019a), and are 
projected to decrease in India due to clean air actions (Sundaray and 
Bhardwaj, 2019), natural dust aerosols will account for a larger fraction 
in total aerosol masses and thus could dominate the aerosol–climate 
interactions, particularly in Asia due to rapid decrease in anthropogenic 
aerosol emissions. Moreover, the Northern Hemisphere monsoon system 
is projected to shift westward due to a westward shift of the North Pa
cific Subtropical High and South Asia monsoon trough (Hsu et al., 2013; 
Preethi et al., 2017) and an increase in monsoonal rainfall at the end of 
this century (Hsu et al., 2013; Lee and Wang, 2014); dryland is also 
projected to increase significantly (Huang et al., 2016), implying higher 
dust emissions. Therefore, how dust–monsoon interactions will evolve 
in the future, and how they can affect the projected changes in both 

monsoon and dust emissions pose important and challenging questions 
for further studies. 
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