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Abstract

Purpose of Review Atmospheric aerosol from both natural and anthropogenic activities has long been acknowledged as
one of the important factors influencing regional and global climate change. Many regions around the globe experienced
high aerosol loadings because of intensive emissions, yet the roles of atmospheric aerosols in extreme meteorological and
air pollution events have not been well demonstrated due mainly to the complexity of atmospheric physical and chemical
interaction at mesoscale and even microscale. Here, we present a comprehensive review of current understanding on the role
of atmospheric aerosols in the development and evolution of extreme meteorological events, including monsoon circulation,
heat waves, extreme rainfall, tornadoes, and severe air pollution.

Recent Findings Aerosols could participate in the development of meteorological systems through direct and indirect effects.
Large-scale precipitation from shallow stratiform clouds was found to be suppressed by aerosols, while invigoration effects
contribute to deep convection and even catastrophic floods in local areas. The occurrence of high-impact weather such
as tornadoes and tropical cyclone is also related to aerosol concentration and distribution. Moreover, a positive feedback
between aerosols and boundary layer meteorology is proposed as an important factor conducive to heavy haze pollution
over urban areas.

Summary The work underscores the great importance of aerosols’ meteorological feedback in extreme weather events.
Integrated observations and seamless coupling of meteorology and atmospheric chemistry in models are highlighted for
future studies to fill the knowledge gap in current research.

Keywords Atmospheric aerosols - Meteorological feedback - Extreme weather events - Thermodynamic circulation -
Precipitation - Boundary layer - Climate change

Introduction

Atmospheric pollutants consist of gaseous pollutants, such
as greenhouse gases (GHGs), as well as particulate matters
which are usually referred to as aerosols. As known, a wide
variety of natural and anthropogenic sources are able to produce
diverse pollutants, which have the potential to boost climate
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change, i.e., global warming, and ecosystem evolution [1ee,
2, 3]. Such pollutants could also cause heart disease and
respiratory disorders, posing a threat to human health [4,
5]. By interacting with solar and thermal infrared radiation,
suspended aerosol could perturb the radiative energy bal-
ance of the Earth—-atmosphere system in two different ways,
namely, direct and indirect effects of aerosols [6ee, 7e].
Unlike the long-lived greenhouse gases, which are distrib-
uted uniformly across the globe, lifetime of aerosols ranges

@ Springer


http://orcid.org/0000-0003-0922-5014
http://crossmark.crossref.org/dialog/?doi=10.1007/s40726-022-00216-9&domain=pdf

178

Current Pollution Reports (2022) 8:177-188

from minutes to weeks, resulting in substantial variations in
space and time with peak concentrations near the emission
sources [8].

Over the past decades, due to rapidly expanding economic
and industrial developments, the energy consumption and
pollutant emissions increase markedly, making air pollu-
tion one of the top environmental concerns in developing
countries [9, 10]. For example, China experienced extremely
severe and persistent haze pollution with a record-break-
ing daily PM, 5 concentration of more than 700 pg/m? in
2013, January [11], far exceeding the air quality standards
prescribed by World Health Organization (35 pg/m®). As
another pollution hotspot, India also suffered surprisingly
high aerosol loading on account of intensive fossil fuel com-
bustion and biomass burning [12, 13]. Such heterogeneity
serves as an important factor contributing to weather anoma-
lies and even extreme meteorological events.

Extreme meteorological events are occurrence of unu-
sually severe weather or climate conditions that can cause
devastating impacts on human beings as well as agricultural
and natural ecosystems. Weather-related extreme events
often exist in short term, including heat waves, freezes,
floods, lightning, tornadoes, and tropical cyclones. Due to its
destructive consequence, extreme events have drawn much
attention and have been the active focus of atmospheric
researches [14, 15, 16¢]. For instance, the unprecedented
warming and extreme drought over Amazonian rain forests
is associated with the anomalies in large-scale circulation,
e.g., anomalous El Nifio—Southern Oscillation (ENSO) by
Jimenez-Munoz et al. [17]. Cayan et al. [18] found that daily
precipitation in the western United States exhibits strong and
systematic responses to ENSO—phase differences. Moreover,
the recent increase in hurricane activities is linked in part to
higher sea surface temperature in the region where they formed
in and moved through due to natural variability [19].

Emerging evidences have confirmed that the increasing
frequency of extreme weather in recent decades are likely to
be related to human activities, especially pollutant emissions
[20e, 21]. Despite their small mass and volume fraction, spe-
cific gases and particles in the atmosphere strongly influence
the transfer of radiant energy and the spatial distribution of
latent heating, thereby influencing the formation and evolu-
tion of extreme weather system [22]. For instance, global
warming caused by GHGs can contribute to the intensity of
heat waves by increasing the chances of hot days and nights
[23]. Warming air also boosts evaporation and early melting
of snow, worsening the drought in snow-dominated regions
[24]. By contrast, acrosol is usually associated with intensive
convection and extreme downpours [25, 26].

As two important factors exerting great impact on health
and well-being of human population in modern society, air
pollution and extreme weather events are both frontal sci-
entific topics and arouse wide scientific interest. Consisting
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of complex chemical and physical processes, interactions
between atmospheric pollutants and extreme meteorological
events are under fervent discussion [20e, 22, 27, 28]. How-
ever, comprehensive summary and review of their intimate
relations are still lacking. In this paper, we review the major
advances in how atmospheric pollutants, especially aerosols,
affect the development and evolution of different extreme
weather events, including their influence on circulation,
hydrology, and heavy pollution, and highlight the priorities
for future studies.

Impact on Atmospheric Thermal
and Dynamical Fields

Global warming is one of the important environmental con-
cerns and significant aspects of climate change. Long-lasting
and intensive warming could result in heat waves or heat
extremes, which pose enormous danger to human health and
ecosystems. Numerous studies have found that GHGs are
responsible for increasing frequency and intensity of heat
waves observed during the past few decades [2, 29, 30]. By
affecting the energy balance between incoming solar radia-
tion and outgoing infrared radiation, anthropogenic GHGs
can increase the Earth’s energy budget, exerting a positive
forcing on average, and ultimately leading to atmospheric
warming [lee, 31]. Unlike GHGs, atmospheric aerosols
intercept incoming insolation reaching the Earth surface
through directly interact with radiation or indirectly serv-
ing as cloud condensation nuclei (CCN), exerting a cool-
ing effect at the ground surface, which is also referred to as
global dimming [32e, 33]. Globally, the radiative cooling
caused by anthropogenic aerosols is estimated to be —0.8 W
m~2 in total with large uncertainties [1ee]. Long-term nega-
tive trends in surface solar irradiance have been observed
by surface radiometers worldwide over land, although the
observed changes may not be solely due to aerosols [32e,
34]. With parallel simulations considering the radiative
effect of aerosol, extreme high temperatures and the num-
ber of days with temperature above the 90th percentile were
found to decline over most of the United States [27]. Chen
et al. [35] identified the recent increase in Asian anthropo-
genic aerosols as the driving factor of cooling trend over
China, partly cancelling out the warming trend due to rising
GHGs [36]. At a regional scale, the extinction of radiation
by aerosols could also partially offset the urban heat island
(UHI) effect, which arouses higher air temperature due to
particular underlying surface along with anthropogenic heat
and, therefore, alleviate heat waves over urban areas [37]. In
fact, aerosol emissions were even proposed as an alternative
solution for regional heat wave mitigation in geoengineer-
ing, which is a deliberate and large-scale intervention in
Earth’s climate system. [38]. In addition to surface cooling,
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absorbing aerosols such as black carbon (BC) and mineral
dust also warm the atmosphere due to absorption of solar
radiation, further complicating the atmospheric stratifica-
tion [39].

The modification of atmospheric thermal structure
induced by aerosols could also reshape dynamic fields
(Fig. 1) especially monsoon circulation. As important
parts of global-scale atmospheric circulation which exert
great impact on agriculture, human health, and econom-
ics throughout Eurasian Continent, South and East Asian
monsoon systems affected by aerosols are the focus of tre-
mendous researches. By cooling the land surface through
dimming effect and related precipitation change, aerosol
forcing might play a significant role in weakening the land-
sea thermal contrast, thereby deteriorating the low-level
summer monsoon circulation over East and South Asia [40,
41e, 42]. For example, Song et al. [40] found out that the
external forcing of aerosols from model simulations could
partly explain the observational decreasing summer surface
air temperature trends over eastern China. The reduction
of temperature leads to a higher sea level pressure over
northern China, thus exhibiting a weaker East Asia summer
monsoon circulation. Additionally, monsoon circulation is
found to modulate the magnitude and distribution of aerosols
[43, 44], which further complicated the interaction between
aerosol and atmospheric circulation.

For South Asia monsoon systems, considering the non-
negligible influence of the Tibetan Plateau, “elevated heat
pump” was put forward as a mechanism combining the
aerosol forcing and topographical impact, where dust load
and BC emissions may lead to an advance and intensifica-
tion of Indian summer monsoon [45ee, 46]. The adjusted
circulation further modulates spatial-temporal distribution

of monsoon precipitation variability via moisture transport
and atmospheric stability, possibly related to regional flood
or drought [47, 48]. In addition, biomass burning aerosols
aloft that can strongly increase the low cloud coverage
over southeastern Asia through semidirect effect have been
revealed to induce aerosol-cloud-boundary layer interac-
tion with monsoon circulation [49]. Furthermore, it has also
been suggested that aerosols can also affect East Asia winter
monsoon (EAWM) by radiative forcing, ocean—cloud feed-
back, transient eddy—mean flow feedback, and other pro-
cesses [50-53]. Based on a global aerosol-climate model,
Lou et al. [52] showed that BC transported to the oceans
decelerated the EAWM wind by changing the cloud struc-
ture and land—sea thermal contrast and then led to the inten-
sification of haze over North China Plain. However, Jiang
et al. [51] investigated the effects of anthropogenic aerosols
on EAWM modeling and identified the strengthening of the
EAWM northern mode, indicating a colder winter in the
northern East Asia [54].

Apart from monsoon circulation, many other large-scale
atmospheric and oceanic patterns have also been reported
to be influenced by aerosols and their precursor gases, such
as the variability of El Nifio—Southern Oscillation (ENSO),
the latitudinal shift of the Intertropical Convergence Zone
(ITCZ), the perturbation of the width of the tropical belt,
and the equatorward shift of the Northern Hemisphere
storm tracks. Most of these changes would further cause
corresponding impact on atmospheric circulations, cloud,
and precipitation, potentially leading to the changes in fre-
quency and location of extreme events [55-58, 59e, 60, 61].
At a regional scale, severe convective fire storms are proved
to be associated with the intensive emissions of heat and
aerosols during the combustion process [62e, 63, 64]. Both
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heat and aerosol tend to increase atmospheric temperature
and mid-level air buoyancy, resulting in stronger updrafts
and convective intensity [65].

To mitigate environmental pollution and the resulting
impacts on human health, governments worldwide are
urgent to take continuous and stringent measures to reduce
the emissions of anthropogenic pollutants. Such move-
ments will lead to sharp decrease in atmospheric aerosol
concentration and relatively slow reduction of GHGs since
the lifetime of aerosols is quite limited. Plenty of studies
have pointed out that the reduction of aerosols would mag-
nify the warming effect due to GHGs and give rise to more
severe heat waves with minor contributions from future
temperature variability changes, especially over the North-
ern Hemisphere [66, 67]. The global mean surface heating
excluding the effect of aerosols is derived to reach 0.5-1.1
°C, and extreme weather indices also increase by the report
[68]. Yet, studies conducted over northern Eurasia showed
opposite results where warming due to aerosol reductions
enhanced meridional temperature gradient, resulting in sig-
nificantly suppression in winter extreme events [69]. With
higher atmospheric temperature, lower relative humidity,
and larger surface wind, the GHG emissions were shown
to double extreme fire weather risks in some region [28].
Aerosol-forced cooling substantially compensated for such
adverse conditions, reducing the wildfire risks and delaying
the time of emergence. However, considering the descend-
ing trend of aerosols due to strict emission control meas-
ures, aerosols are projected to provide little to no relief for
extreme fire—weather risk in the future.

Impact on Hydrological Cycle and Extreme
Precipitation

Most of the current studies suggest that aerosols contribute to
the delay and suppression of large-scale precipitation, lead-
ing to a weaker hydrological cycle which is closely related
to availability and quality of fresh water [70ee, 71, 72]. By
examining the CMIP5 simulations for decades, Zhang et al.
[73] revealed that the frequent occurrence of extreme sum-
mer droughts over North China is ascribed to anthropogenic
aerosol forcing. The increasing aerosol optical depth (AOD),
which represents light extinction due to the aerosol in the
entire column of the atmosphere, is inversely related to Indian
summer precipitation over Gangetic Plain, suggesting that
increased load of aerosol is probably restricting the rainfall
and leading to meteorological drought conditions [74, 75].
Using a regional coupled climate—chemistry—aerosol model,
Huang et al. [76] demonstrated the influence of combined
direct/first indirect effect of aerosols that could take respon-
sibility for 10% reduction of precipitation. The decreasing
trend of climatological precipitation over East Asia since the
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last century is geographically consistent with the distribution
of the model-simulated precipitation reduction induced by
anthropogenic aerosols. Previous studies have also revealed
the clear impact of biomass burning aerosols (mainly BC)
on local hydrological cycle. The atmospheric heating attrib-
utable to BC leads to a decrease in surface precipitation
flux, accounting for the observed precipitation reduction in
southern Africa [71]. Using an Earth system model, Tosca
et al. [77] evaluated the climate response to the smoke forc-
ing and also found a decline in precipitation over intensive
biomass burning regions because of tropospheric heating
from carbonaceous aerosols. In addition, aerosol’s impact
on hydrology also exhibit spatial heterogeneity. Menon et al.
[78] concluded that anthropogenic aerosols have increased
precipitation in Southeast China but suppressed precipitation
over northeast region, intensifying flood in the south and dry-
ing in the north. Over the arid and semiarid areas including
northwestern East Asia and West Africa, there exists posi-
tive feedback in dust aerosol-cloud—precipitation interac-
tions [79-82]. Frequent occurrence of dust storms due to the
deficit in soil moisture would result in elevated mineral dust
loadings in the warm clouds, which decreases the low cloud
cover and water vapor amount through the semidirect effect
of aerosols, leading to declined rainfall. The drastic drop in
precipitation further contributes to new dust storms. Despite
the rainfall reduction due to aerosols, global warming caused
by GHGs is shown to coincide with an increase in global
precipitation by about 1 to 2% per Kelvin due to the increase
in surface evaporation. Modeling studies have found that the
spin-down effect of aerosols on the hydrological cycle may
be large enough to reverse the effect of GHGs [83, 84].

To current knowledge, physical processes concerning
how aerosols interfere with precipitation have been dis-
cussed in enormous studies and can be summarized as two
main mechanisms. On the one hand, atmospheric aerosols
tend to produce drier circulation systems that redistribute the
precipitation [78, 85]. Since aerosols decrease the amount of
solar radiation arriving at the land surface, less heat is avail-
able for evaporating water and energizing convective rain
clouds [70ee, 86]. In terms of absorbing particles such as BC
and mineral dust, radiation is blocked within the atmosphere
thus inducing extra heating of air above the surface, which
stabilizes the low troposphere and suppresses the genera-
tion of convective clouds and precipitation [87, 88]. Another
approach is more concerned with aerosols’ microphysical
effects providing cloud condensation nuclei (CCN) and
ice nuclei. Assuming that aerosol concentration is growing
while the condensed moisture inside the cloud remain con-
stant, the droplet radius will decrease because of the increase
in its number concentration, which results in a decrease in
the raindrop coalescence and precipitation efficiency [8, 89].
Such impacts of aerosols is more significant in localized
short-time precipitation response than rainfall on monthly
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to seasonal timescales, as proposed by Vinoj et al. [90] using
satellite data and models.

Aerosols could suppress the large-scale precipitation
from shallow stratiform clouds, yet invigorate rainfall from
deep convection and even catastrophic floods in local areas
[72]. Within idealized simulations, rain suppression occurs
during the early stage of the polluted convective system,
while enhancement is detected when the system grow into
the mature stage [91]. Similarly, an observational analy-
sis recorded that the heavy precipitation in polluted urban
areas is first postponed, since the reduction of solar radia-
tion reaching the surface delay the occurrence of strong
convection, then enhanced when aerosol invigoration effect
becomes dominant [92]. Sensitivity experiments show that
aerosols tend to increase cloud liquid evaporation and pro-
duce stronger convergence line, which favors the formation
of torrential rainfall [93, 94]. Tao et al. [91] also emphasize
the evaporative cooling in the lower troposphere is a key pro-
cess, which is associated with the strength of cold pool and
low-level convergence. The distinct changes in spatial and
temporal distribution of extreme precipitation are also docu-
mented in several studies. Due to heavy pollution trapped in
the Sichuan Basin, increased atmospheric stability prohibits
the convection and thus allows excess moist air to be trans-
ported to mountainous areas (Fig. 2). Under the influence
of specific topography, the orographic lifting of humid air
mass generates strong convection and extremely heavy rain-
fall [95¢]. In addition, the nocturnal precipitation, which is
supposed to take place over an urban city during daytime,
shifted to the downwind areas of a biomass burning plume,
as a result of increased convection as well as convergence
caused by absorbing aerosols heating the upper level atmos-
phere [96]. Enhancement of rainfall downstream of major

Fig.2 An illustration of the
mechanism of aerosol-induced
catastrophic flood in the
Sichuan Basin in summer 2013.
Note: SW stands for shortwave
radiation. SH is short for surface
sensible heat flux, and LH is
surface latent heat flux. Sourced
from Fan et al. [95°]

polluted metropolitan areas, including New York City and
Houston, has also been documented for periods of time [97,
98]. However, the quantitative evaluation of aerosol effects
on precipitation are still under debate and may depend on the
specific meteorological environment such as air humidity,
buoyancy, and wind shear [99].

In addition to extreme precipitation, catastrophic weather
events that occurred over populated areas have also been
revealed to be closely related to anthropogenic pollutants,
especially aerosols [100ee]. Although aerosols are not pri-
mary atmospheric driver of a certain weather system, they
can modulate its evolution and intensity under specific
conditions. A few observational studies indicated aerosols
enhance the occurrence and strength of supercells and hail-
stones [101e, 102, 103] and even promote tornadogenesis
through microphysical effects [104, 105]. As has been noted,
elevated aerosol concentration makes cloud drops smaller
and hydrometeor larger. The reduced evaporation from the
larger hydrometeor produces weaker cold pools and then
contributes to more hailstones and tornados [26, 106]. Less
evaporative cooling and weaker cold pools are confirmed as
important reasons in dusty simulations engendering larger
raindrop and hailstone, indicating an positive effect of aero-
sols on tornadogenesis [105]. Smoke from biomass burning
was also found to modify the environment conditions during
a tornado outbreak case in southeastern United States, by
producing more CCN and strengthening capping inversion
above clouds, which is conducive for greater tornado inten-
sity and longevity [101e].

Likewise, aerosols can modify the thermodynamic and
microphysical conditions influencing tropical cyclones
(TC) generation. On the one hand, by reducing the radiation
reaching the sea surface, aerosol could perturb TC genesis

Clean (or polluted without absorbing aerosols)

Mountain

Mountain

@ Springer



182

Current Pollution Reports (2022) 8:177-188

and development, although dynamic factors play the leading
role in most cases [107, 108]. On the other hand, an increase
of CCN at the inner TC tends to magnify its intensity, while
aerosol suspending at periphery leads to weakening of TC
systems [109, 110]. Additionally, the plume complexes emit-
ted from forest fires were found to favor the formation of
pyrocumulonimbus clouds reaching the height of 15 km.
Evaporation of moisture in pyrocumulonimbus clouds leads
to descent and the release of suspended precipitation, which
produce thunderstorms with the threat of downbursts and
generate hundreds of lightning strokes, further increasing
the risks of new fire ignitions [111, 112].

Impact on Planetary Boundary Layer
and Haze Pollution

In addition to large-scale synoptic forcing, the growth of
the PBL during daytime is mainly driven by surface heating
and upper PBL entrainment [113ee, 114], which are related
to surface energy input and boundary layer stratification,
respectively. Since aerosols could directly interact with
solar radiation and perturb the Earth—atmosphere energy
budget, the PBL evolution was greatly affected by aerosols
in two ways. On the one hand, the incident solar energy
is attenuated by atmospheric column extinction caused by
radiative aerosols. The radiative forcing of aerosols exhibits
tremendous heterogeneity in spatial distribution and variety
for different aerosol species with various optical properties

Fig.3 A schematic figure show-
ing the aerosol-boundary layer
feedback loop for scenarios
without and with black carbon
(BC) emissions in a megacity.
The black lines represent verti-
cal temperature profiles. The
yellow dashed lines with arrows
denote the reflection of solar
radiation by the ground surface,
clouds, and aerosols. The red
arrows show absorption of solar
radiation by absorbing aerosols.
The blue dash-dotted line
indicates the top of the PBL.
White arrows show the vertical
ventilation of urban plumes
induced by circulations or large
eddies induced by the urban
heat island effect. Sourced from
Ding et al. [128e¢]
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[115, 116]. High PM, 5 concentration could cause over 50%
decrease of surface solar radiation as well as a drastic sur-
face temperature drop [117, 118e]. The deficient energy
input resulted from less down-welling shortwave radiation
at surface decrease the magnitude of turbulent latent and
sensible heat flux, while the latter is in charge of the day-
time development of PBL [119, 120]. On the other hand, the
absorbing aerosols such as BC could warm the atmosphere
above, altering the atmospheric thermodynamic structure.
The impact of absorbing aerosols on stratification is closely
related to its vertical distribution [121]. When located near
the surface, aerosol absorbing radiation would heat near-
surface layer and promote the PBL entrainment. On the con-
trary, absorbing aerosol plume at the upper PBL, which is
more common during regional pollution episodes, is more
efficient to strengthen the inversion layer, leading to an
increasing stability [122, 123]. For instance, the turbulent
kinetic energy in the surface mixing layer at the base of the
atmosphere is observed to decrease concurrently with an
increase in absorbing aerosols [124].

Both of the two processes mentioned before contribute
to the decay of turbulence and mixing within PBL, through
decreased surface heat flux and enhanced stability, resulting
in a shallower boundary layer [118e, 125, 126¢]. Combining
in situ observations together with numerical simulations,
Zhong et al. [127] and Ding et al. [128ee] have revealed the
surface cooling as well as upper level warming by PM, 5
contribute to anomalous inversion which reduces turbulent
diffusion and boundary layer height. Aerosol-induced reduc-
tion in PBL height is estimated by a statistical method, and
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Zou et al. [120] found that PBL height decrease more rapidly
with increasing aerosol loadings. Due to weakened vertical
diffusion and turbulent mixing, wind speed in lower tropo-
sphere also shows a reduction under the influence of aerosols
[129]. The visibility within PBL is also greatly deteriorated
by light attenuation due to aerosol extinction [130]. During
the pollution episodes, degradation of visibility is commonly
observed accompanied with high aerosol concentration in an
exponential relationship [131]. The hygroscopic growth of
aerosol particles at high relative humidity leads to further
reduction on atmospheric visibility [132, 133].

In turn, aerosols and other primary pollutants released
from emission sources near the surface are to a large extent
blocked within the PBL. Under relatively constant synop-
tic-scale weather conditions, the development and vertical
structure of PBL represent an important factor modulating
spatial-temporal distribution of local pollutants. A sup-
pressed boundary layer height tends to increase locally emit-
ted pollutant concentration due to much weakened dilution.
Negative relationship between surface PM, 5 concentration
and convective PBL height was identified by studies combin-
ing theoretical analysis with observational data [117, 134e].
As shown in Fig. 3, the two-way feedback between PBL

meteorology and aerosol particles exists over heavily pol-
luted region during pollution transport and cumulative stages
[128ee, 135]. The positive feedback not only suppresses the
development of daytime convective mixing layer but also
modulates the nocturnal boundary layer. The increased
air temperature in the residual layer at nighttime can also
contribute to the formation of an inversion and increase the
stability of a nocturnal stable boundary layer, favoring the
accumulation of air pollutants in megacities [136].
Moreover, the reduction of solar radiation and air tem-
perature within the boundary layer could weaken the photo-
chemical reactions and thus ozone production. The surplus
NO, even tends to deplete ozone through its titration effect,
exerting an impact on atmospheric oxidizing capacity [129,
137]. The surface cooling by PM, 5 decreases near-ground
saturation vapor pressure and significantly increases relative
humidity. Simultaneously, it reduced vertical turbulence and
PBL height trap primary pollutants and accumulates water
vapor. Many studies have demonstrated that the formation
of secondary PM is strongly linked to relative humidity
[138, 139]. High moisture condition would further enhance
aerosol hygroscopic growth and accelerate liquid phase and
heterogeneous reactions, inducing additional secondary
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aerosol formation, which further enhance the feedback loop
and deteriorate the air quality [127, 140e].

Concluding Remarks

Atmospheric aerosol from both natural and anthropogenic
activities has long been acknowledged as one of the most
important factors influencing global climate change. In this
work, we present a comprehensive review of current under-
standing on the role of atmospheric aerosols in the devel-
opment and evolution of extreme meteorological events,
including monsoon circulation, heat waves, extreme rainfall,
tornadoes, and severe air pollution (Fig. 4, Table S1). Over-
all, aerosols could influence the development of meteoro-
logical systems through direct and indirect effects. Surface
dimming and cooling due to aerosol extinction can partly
offset the global warming caused by GHGs, although such
effect is weakening owing to strict emission control meas-
urements. Large-scale precipitation from shallow strati-
form clouds was found to be suppressed by aerosols, while
invigoration effects contribute to deep convection and even
catastrophic floods in local areas. The occurrence of severe
weather events such as tornadoes and tropical cyclone is also
related to aerosol concentration and distribution. Moreover,
a positive feedback between aerosols and boundary layer
meteorology is proposed as an important factor conducive
to heavy haze pollution over urban areas.

However, there are still a wide range of fundamental
characteristics and key processes that are poorly under-
stood or neglected, which requires integrated observa-
tions and seamless coupling of atmospheric aerosol and
meteorology in models. Studies have highlighted the sig-
nificance of investigating the vertical structure of atmos-
pheric processes in detail in the lower atmosphere, which
is very important for improving the understanding of the
interaction of atmospheric physics and chemistry. A dense
network of both aerosol and meteorological measure-
ments is needed to gain an explicit insight into the roles
of aerosols played in large-scale and local-scale extreme
meteorological events. In terms of numerical simulations,
current climate and regional models show large uncer-
tainties, and even opposite results of the indirect effect
of aerosols. The discrepancy could be attributed to inac-
curate parameterization of sub-grid processes as well as
aerosol—cloud interactions that were poorly described in
simulations with coarse grid resolution [141]. Moreover,
existing models fail to forecast regional weather during
extremely high episodes in China, since the mechanism
described here is not included in a proper way in models.
Therefore, it is crucial to include the feedback-loop in air
quality and weather forecasts and as part of an early warn-
ing system for extreme air quality episodes. Furthermore,
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better understanding of aerosol’s impact helps identify its
proper role in solar radiation management of geoengineer-
ing, which requires accurate prediction of consequences.
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