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Abstract
Purpose of Review During the past decade, weather and climate extremes, enhanced by climate change trends, have received 
tremendous attention because of their significant impacts on socio-economy, public health, and ecosystems. At the same 
time, many parts of the world still suffer from severe air pollution issues. However, whether and how air pollutants play a 
role in weather and climate systems through complex interactions and feedbacks with meteorology and ecosystems remains 
an open question. So far, only a relatively small number of studies have been conducted to understand and quantify air pol-
lution interactions with weather and climate extremes. As a result, there is limited process-level knowledge of this topic and 
associated mechanisms. This review paper provides a concise synthesis of recent scientific advances, current knowledge 
gaps, and future directions on air pollution interactions with weather and climate extremes, such as extreme precipitation, 
floods, droughts, wildfires, and heat waves.
Recent Findings There is evidence (albeit limited) that air pollution can contribute to or interact with each of the aforemen-
tioned extremes, and several possible mechanisms (e.g., physical, thermodynamical, dynamical, chemical, and ecological 
processes) have been identified and proposed to explain their relationships. However, there are still substantial knowledge 
gaps that need to be addressed in future studies, which will benefit from enhanced observational and modeling capabilities 
as well as interdisciplinary collaborations.
Summary Overall, the air pollution interactions with weather and climate extremes are currently under-studied and less 
understood. More future research is needed for process-level investigations to improve the mechanistic understanding 
on this topic.

Keywords Air pollution · Climate and weather · Extremes · Interaction · Mechanism

Introduction

Air pollutants (including aerosols and trace gases) play 
a critical role in weather and climate systems through 
complex interactions and feedbacks with meteorology 
and ecosystems. In general, aerosols can affect atmos-
pheric thermal structures and key meteorological fields 
(e.g., temperature profiles, radiation, clouds, precipita-
tion, and snow albedo) through direct and indirect radia-
tive effects [1, 2] as well as snow albedo radiative effects 
[3–5]. In turn, changes in meteorology modulate the life 
cycle (e.g., formation/emission, transport, and deposition) 
of aerosols [6–9]. Gaseous air pollutants (e.g., ozone and 
volatile organic compounds (VOCs)) can interact with 
vegetation and soil ecosystems through deposition [10, 
11] and biogenic emissions [12], while weather and cli-
mate also exert important impacts on the lifecycle (e.g., 
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emission, chemical reaction, transport, and deposition) 
of trace gases [13, 14]. Moreover, some gaseous pollut-
ants can be converted to particulate pollutants through 
chemical and thermodynamic processes (e.g., formation 
of secondary organic aerosol (SOA)) and further interact 
with weather and climate [15], which adds complexity to 
the climate-chemistry system.

In the past decade, multiple review articles have summa-
rized the knowledge of air pollution from different aspects, 
including air pollution effects on the mean features of cli-
mate/weather [16–18], climate/weather impacts on air pol-
lution [6, 7, 13], health impacts of air pollution [19–21], and 
air pollution-ecosystem interactions [11, 22, 23]. However, 
to the best of our knowledge, no review study specifically 
focused on two-way interactions between air pollution and 
weather/climate extremes at regional to global scales.

During recent years, weather and climate extremes (e.g., 
extreme precipitation, floods, droughts, wildfires, and heat  
waves) have received increasing attention due to their signifi-
cant impacts on socio-economy, public health, and ecosys-
tems [24–27]. For instance, storms in the North Atlantic in 
2017 alone led to devastating flooding, which caused more 
than $170 billion in damages [28]. Droughts and floods over 
Asia substantially affect agriculture and food security, lead-
ing to ~ $49 billion loss in the economy during 2008–2018 
[29]. Heat waves caused about 70,000 deaths in 2003 in 
Europe [26] and are projected to increase global mortality 
under future climate change [27]. The increasing wildfires 
in the U.S. alone lead to thousands of deaths due to smoke  

pollution and degradation in ecosystem functioning, which 
requires billions of dollars for suppression expenditures [30].

Majority of attribution studies on weather and climate 
extremes have focused on the role of long-term climate change 
mainly due to greenhouse gas build-up, year-to-year natural 
variability (e.g., ENSO), and to less extent the role of land use 
and land cover change. However, only rather limited studies 
have been done to understand and quantify the role of air pol-
lution in influencing and feeding back on weather and climate 
extremes [31, 32, 33•]. As a result, there is very limited under-
standing of air pollution interactions with weather and climate 
extremes and associated process-level mechanisms, suggesting 
an imperative need for a synthesis of current knowledge gaps 
and potential future directions on this topic.

This paper therefore seeks to provide a concise review 
of recent scientific advances in understanding the two-
way interactions and the associated feedback mechanisms 
between air pollution and weather/climate extremes that are 
socio-economically important, including extreme precipita-
tion, floods, droughts, wildfires, and heat waves. Figure 1 
summarizes a general framework to address this interdisci-
plinary problem. We specifically try to answer the following 
questions: (1) Is there strong evidence that air pollution is 
contributing to and/or interacting with weather and climate 
extremes? (2) If the answer to question (1) is yes, then what 
is the current understanding of the associated mechanisms 
and where are the knowledge gaps? (3) What future research 
directions and innovative approaches should we follow to 
reduce the knowledge gaps and enhance societal resilience 

Fig. 1  Framework for address-
ing air pollution interactions 
with climate and weather 
extremes. Note that some of the 
mechanisms involved in the pro-
posed interaction and feedback 
loops between air pollution and 
climate/weather extremes in 
this framework have not been 
understood yet, with the lack of 
direct evidence in literature
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to both climate/weather extremes and air pollution in the 
future decades?

This short review is constructed to cover each type of 
weather and climate extremes in the following sections with 
a synthesis at the end. Note that we include those types of 
extremes due to relatively abundant literature covering at 
least one-way influence and a viable pathway to explore 
more explicitly the two-way interactions. The list of weather 
and climate extremes focused by this review should not be 
considered exhaustive.

Air Pollution and Extreme Precipitation

Extreme precipitation has received an increasing amount 
of attention in the past decade, because it can pose signifi-
cant risks to ecosystems and human socio-economy, par-
ticularly over urban, coastal, and monsoon regions [7, 34, 
35]. Extreme precipitation events are typically defined as 
instances with the amount of rain/snow during a certain 
period (e.g., hourly or daily) substantially exceeding the 
climatological values. Previous studies used different met-
rics (e.g., top 1% or 5% of precipitation probability distribu-
tion) to define extreme precipitation according to different 
scientific goals. Both observational and modeling evidence 
have suggested that in addition to global warming caused 
by greenhouse gases, air pollutants like aerosols also play a 
key role in altering and interacting with extreme precipita-
tion [36–41].

Mechanisms of Interactions

Aerosols have long been studied and found to affect precipita-
tion in several major ways. In terms of microphysical effects, 
aerosols can act as cloud condensation nuclei (CCN) through 
aerosol-cloud interactions, which facilitates the formation of 
cloud droplets, delays cloud-to-precipitation transformation, 
invigorates convection, and hence increase precipitation inten-
sity at a later time [7, 34, 35, 42]. In terms of radiative effects, 
aerosols can scatter and absorb incoming solar radiation and 
hence alter atmospheric stability and the development of con-
vective clouds and precipitation [7, 34, 42]. Additionally, some 
aerosols can directly interfere with the precipitation process 
by acting as ice nuclei [43, 44], leading to the formation of ice 
crystals and potentially changing the type, amount, and inten-
sity of precipitation. Moreover, aerosols also impact precipita-
tion via interacting with topography (e.g., mountain-valley), 
local thermodynamic conditions (e.g., urban heat island), and 
large-scale circulations (e.g., monsoon systems) [7, 45, 46, 
47•], which adds complexity to understanding the full pic-
ture of the problem. In general, aerosol effects on precipita-
tion can vary depending on aerosol properties, such as size, 
composition, and concentration, as well as on the background 

meteorological conditions at which aerosols operate on and 
interact with.

The aforementioned mechanisms of general aerosol 
effects on precipitation provide a basis for understanding and 
quantifying aerosol impacts on extreme precipitation. On 
local to regional scales, some studies found that aerosols can 
enhance extreme precipitation due to aerosol-induced invig-
oration via microphysical and/or thermodynamical effects 
[34, 40, 46, 48, 49], especially when interacting with topog-
raphy [35] and even with ultrafine particles [50]. In con-
trast, many other studies pointed out that local aerosols can 
inhibit or weaken the convection and precipitation intensity 
via radiative effects (surface dimming and atmospheric heat-
ing) and/or thermodynamic effects (changing atmospheric 
thermal structures and the atmospheric stability) [7, 34, 51].

On continental to global scale, aerosols can affect extreme 
precipitation via interactions with background (global) 
warming and/or large-scale circulation. For example, aero-
sols have been found to enhance precipitation intensity and 
contribute to extreme rainfall in Asia through interaction 
with the Asian monsoon, Asian Westerly jet streams, or the 
Tibetan Plateau topography [41, 45], which however may 
also depend on aerosol types with enhanced intensity due 
to black carbon and reduced intensity due to sulfate [7, 52, 
53]. Over West Africa, anthropogenic aerosols have been 
found to reduce extreme precipitation during the West Afri-
can Monsoon by weakening westerlies, monsoon circula-
tion, and moisture fluxes [54]. The cooling radiative effect  
of aerosols can also offset the effect of global warming, which  
tends to suppress extreme precipitation [38, 55], but to a 
less extent than the suppression of mean precipitation [56]. 
Similarly, future projections suggested that aerosol reduc-
tions due to air pollution regulation in future climate will 
magnify the global warming effect [57] and hence enhance 
extreme precipitation [58–61].

Extreme precipitation can also affect air pollutants 
through altered wet deposition and hence their concentra-
tions. For example, the wet removal efficiency of aerosols 
can be weakened by the shift toward more frequent extreme 
precipitation in the future compared to that in the present cli-
mate, which could lead to increased aerosol concentrations 
in the future [62]. Extreme precipitation may also indirectly 
affect air pollutants’ emissions by changing the transporta-
tion and traffic patterns, which however are seldom studied.

Gaps and Future Directions

Although the understanding and quantification of the rela-
tionship between air pollution and extreme precipitation have 
improved over the last decade, there are still gaps in the current 
understanding of this complex relationship. For instance, at 
smaller and shorter scale, whether aerosols enhance or weaken 
extreme precipitation relies on a number of microphysical 



 Current Pollution Reports

factors, such as aerosol type, size, and concentration, as well 
as the background cloud type and synoptic pattern state. Due 
to the complex interactions among these factors, the involved 
mechanisms can vary case by case and are highly region-
dependent. At the larger and longer scale, the extreme pre-
cipitation responses are more controlled by radiative effects; 
therefore, due to the different responses of extreme precipitation 
to absorbing and scattering aerosols, it is crucial to accurately 
determine aerosol optical properties and assess the associated 
radiative effects conditioned on the background thermodynamic 
state and large-scale circulation.

In addition, the relative importance of anthropogenic aero-
sols in altering extreme precipitation compared to other cli-
mate factors (e.g., greenhouse gas warming, natural variability, 
natural aerosols, and land use change) also remains unclear. 
A few gaps are highlighted here. (1) There is a lack of sus-
tained and collocated monitoring of air pollutants including 
aerosol chemical composition, aerosol optical properties, and 
cloud optical and microphysical properties particularly in the 
developing countries (where pollution loading is high). This 
makes it very difficult to identify trends in this relationship and 
establish cause-effect relationships. (2) There is an inadequate 
representation of aerosol processes in chemistry-climate mod-
els, especially in the operational weather prediction models that 
are running on a daily basis as well as the IPCC-type of global 
climate models for long-term climate projection. This results in 
errors in the simulated aerosol physical, chemical, and optical 
properties, particularly in conjunction with clouds and precipi-
tation. (3) There is a lack of cross-scale mechanistic understand-
ing of the role of air pollutants in perturbing the synoptic-scale 
complex cloud-radiation-precipitation systems, which then is 
coupled with other larger-scale environments (e.g., urban–rural 
contrast, high mountains, monsoon, and jet streams).

Addressing these knowledge gaps will require targeted 
long-term multi-platform (in situ, spaceborne, balloon-
borne, ship-borne, airborne, and spaceborne) monitoring of 
air pollutants and extreme precipitation features (e.g., onset, 
progression, and duration) in different parts of the world. 
Such monitoring efforts may be informed by long-term 
analysis of the current global weather monitoring networks 
from which observations are shared under the World Mete-
orological Organization (WMO), and/or the state-of-the-art 
reanalysis dataset in which the monitoring of precipita-
tion and aerosol are assimilated into. Current Earth system 
models (ESMs), especially the ones with more advanced 
aerosol-cloud treatment and higher spatial resolution, need 
to be subjected to comprehensive process-based evalua-
tions through international partnerships between model 
developers and end users to identify regions of the larg-
est discrepancies between models and observations. Such 
regions, especially when leveraging unique opportunities 
such as COVID lockdown or volcanic eruptions, could be 
the focus of future intensive field campaigns, in order to 

improve parameterizations of aerosol-precipitation-relevant 
processes in current models. National meteorological agen-
cies that are responsible for providing actionable information 
to the public about extreme precipitation events also need to 
be engaged in the process of establishing new observational 
sites/networks and improving models.

Air Pollution and Floods

Flood is one of the most devastating hazards that cause sig-
nificant socio-economic damages, particularly in coastal 
regions and urban areas. Flood events are defined as 
instances with substantial overflow of water onto normally 
dry lands, which are typically caused by excessive rainfall, 
overflowing rivers, coastal storm surges, or the strong melt-
ing of snow/ice [63–65].

Mechanisms of Interactions

One possible mechanism through which air pollution can 
affect floods is by altering precipitation patterns, inten-
sity, and duration via aerosol-cloud-radiation-precipitation  
interactions and feedbacks [1, 34, 35]. As discussed in Sec-
tion “Air Pollution and Extreme Precipitation,” several stud-
ies have been conducted to understand and quantify how air 
pollution affects precipitation (including extreme rainfall), 
but very few studies directly linked air pollution with floods 
quantitatively. For example, one study [35] found that the 
severe air pollution in Sichuan Basin (China) suppresses pre-
cipitation during daytime and hence substantially enhances 
the precipitation intensity during night via the aerosol-
enhanced conditional instability, which contributed to the 
devastating flood in the region in 2013. Aerosols can also 
alter atmospheric thermodynamic states through aerosol 
radiative effects and interact with monsoon systems, which 
impacts precipitation intensity and pattern and potentially 
flood severity [7]. Aerosols have also been suggested to 
modify tropical cyclones [37] and mid-latitude storm tracks 
[36], which may further impact floods in coastal areas. One 
additional complexity during the process of evolving from 
heavy/extreme precipitation to flooding is the urbanization 
and infrastructure which typically have large areas of imper-
vious surfaces and hence could enhance flooding [65].

In addition, light-absorbing aerosols can reduce snow 
albedo after deposition onto snowpack [66, 67] and hence 
substantially accelerate snow melting [3, 68], which may 
contribute to flooding. However, there is no study directly 
connecting aerosol-enhanced snow melting with flooding 
quantitatively, which needs more investigations in the future.

In turn, floods might indirectly impact air pollution 
through several potential mechanisms, which however 
requires more studies. For example, sediments and organic 
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matter carried by floodwater may decompose and release 
gaseous pollutants to the atmosphere [69]. Floods can 
destroy infrastructures (e.g., power plants and industrial 
factories) and change human activities (e.g., transportation 
patterns and relocation of people to shelters), which further 
affects anthropogenic emissions of air pollutants. However, 
these mechanisms have not yet been explored or quantified.

Gaps and Future Directions

Overall, there is currently a lack of direct and effective evidence 
on the interaction between air pollution and floods, and very few 
studies have been conducted to directly quantify their relation-
ships. Current knowledge of the mechanisms is still very limited, 
with many unresolved pieces as discussed above. Even for the 
aerosol-precipitation mechanism that has received relatively 
more attention and could be one major driver for floods, there 
are still large uncertainties as discussed in Section “Air Pollution 
and Extreme Precipitation.” To address these knowledge gaps, 
more observational and modeling studies are needed, which 
should target on quantifying the interactions between air pollu-
tion and floods through process-level analyses to enhance the 
mechanistic understanding. Particularly, many confounding fac-
tors (e.g., unique urban environment, terrain, proximity to coasts, 
and storm formation) may also play a role, which add complex-
ity to the problem. Case studies would be a good starting point, 
while analyses of long-term data record are necessary to obtain 
robust air pollution-flood relationships and the associated vari-
ability. Interdisciplinary collaborations across different groups 
(e.g., atmospheric chemistry, meteorology, land, and hydrology) 
will be very beneficial to achieving effective solutions.

Air Pollution and Droughts

Droughts are defined as periods with drier-than-normal 
conditions, which feature sustained low precipitation and 
high evapotranspiration leading to drop in soil moisture and 
surface water level. Drought is one of the most complex 
and damaging natural disasters, often leading to significant 
concerns and devastating consequences on water and food 
security and socio-economy [70]. Many regions (e.g., west-
ern U.S., Australia, South America, and part of Europe) have 
been experiencing severe droughts in the past decade [71, 
72], and droughts are projected to occur more frequently 
over those areas under future climate change [71].

Mechanisms of Interactions

Observational and modeling studies, albeit limited, 
have shown evidence that droughts can affect air pol-
lution through several complex mechanisms related to 
land–atmosphere interactions as summarized below.

(1) Droughts favor increased wildfire occurrences, sever-
ity, and extent [30, 73], which leads to elevated fire 
emissions of air pollutants and their precursors [74, 
75•]. For instance, summertime surface  PM2.5 con-
centrations have been found to increase by 26% in the 
southern U.S. due to drought-driven wildfire emissions 
of organic carbon [76].

(2) Droughts favor more frequent and severe dust storms 
and increase dust and PM concentrations [77–79], 
which would become more impactful in the future [80] 
due to the projected increasing droughts in regions like 
the U.S. Southwest.

(3) Droughts can lead to either increased or decreased sur-
face ozone concentrations [77, 81, 82, 83•] and  PM2.5 
concentrations [14, 77] by altering biogenic emis-
sions, dry deposition, and atmospheric chemistry. For 
example, biogenic VOC emissions such as isoprene 
have been found to decrease during long-term severe 
drought periods because of drought stress on plants, 
which further reduce ozone production [83•, 84, 85]. 
However, other studies [82, 86] found that the response 
of isoprene emissions to drought depends on the dura-
tion and severity of drought, where isoprene emissions 
may increase during short-term or mild droughts due 
to different plant responses to water stress. The change 
in isoprene emissions further affects ozone and SOA 
production (contributing to  PM2.5 changes). In addi-
tion, droughts have been found to change vegetation 
characteristics (e.g., leaf area index and stomatal func-
tioning) and hence affect the stomatal and non-stomatal 
pathways for ozone dry deposition [81, 83•, 87].

(4) The meteorological conditions during droughts often 
favor high temperatures (affecting chemical production/
loss) and lack of precipitation (reducing wet scaveng-
ing of pollutants) [88]. The elevated air temperature 
during drought events contributes to the accelerated 
photochemical process and ozone production [78, 83•]. 
In addition, little precipitation, surface high pressure 
system, and low boundary layer height during droughts 
can weaken the dispersion of air pollutants [89].

(5) Drought-induced changes in electricity generation 
sources from the use of hydropower to the use of coal 
and natural gas can lead to enhanced power sector 
emissions of air pollutants and their precursors [90]. 

(6) Drought impacts on air pollution can be further com-
plicated by regional and long-range transport of air pol-
lutants. For instance, drought-driven wildfire smoke 
has been found to transport to downwind regions and 
exacerbate the air pollution in those regions [91].

Compared to the investigation of drought impacts on air 
pollution, there are much fewer studies on how air pollution 
may affect drought development and intensity. An earlier 
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study [34] proposed a conceptual framework showing aero-
sols can lead to either drought or flood through complex 
aerosol-cloud-radiation-precipitation interactions based on 
specific environmental conditions and pollutant levels. A 
recent study [92] pointed out that the high aerosol levels in 
north China can enhance drought conditions by suppressing 
convective precipitation.

Although there is rather limited evidence directly show-
ing the feedback of air pollution to droughts, a few potential 
mechanisms have been suggested, which require more future 
investigations. First, aerosols can suppress precipitation via 
aerosol-cloud-radiation interactions under typical conditions 
[1, 6, 34, 93], which may further exacerbate drought con-
ditions. For instance, aerosols can suppress convection by 
reducing solar radiation reaching the surface and increasing 
lower atmosphere stability as well as by serving as CCN 
thus delaying the cloud-to-precipitation conversion, which 
all favor a reduction of precipitation [34]. Second, aerosols 
can alter temperature gradient and atmospheric circulation 
through direct and indirect radiative effects [7], which can 
further affect moisture supply from adjacent oceans and thus 
precipitation over the dry regions [94]. For example, aero-
sol-induced regional circulation changes have been found to 
modify weather patterns and may impact drought conditions 
[95]. Third, it should be noted that drought is not simply a 
result of precipitation deficit but is also worsened by the 
high potential evapotranspiration. A series of analyses have 
emphasized the aerosol’s role in affecting the latter [96], 
including the subtle competition with greenhouse gas [97] 
and among different aerosol species [98]. Fourth, related to 
the third point, air pollutants (e.g., ozone, but to less extent 
aerosols) may indirectly impact drought conditions by dam-
aging vegetation growth and its physiological processes [99], 
and hence impacting evapotranspiration and soil moisture.

Gaps and Future Directions

Overall, due to the limited number of studies on the interac-
tion between air pollution and droughts, there are still key 
knowledge gaps in this topic. (1) Although many studies 
have indicated that droughts can increase wildfire risks, the 
associated mechanisms via the complex land–atmosphere 
interactions are still not fully understood and quantified. 
This introduces additional uncertainties in the prediction 
of drought-induced wildfire emissions of air pollutants 
and associated precursors, where wildfire emission itself 
is already associated with large uncertainties (see Section 
“Air Pollution and Wildfires”). (2) Although there is some 
evidence that droughts can enhance dust storms, there is still 
a lack of sufficient quantitative knowledge of the relation-
ship between droughts and dust emissions as well as dust 
transport under prolonged drought conditions, particularly 
under future climate change. (3) It is not fully understood 

how soil conditions, vegetation characteristics, and physi-
ological functioning respond to droughts, which further 
introduces uncertainty to drought-induced changes in bio-
genic emissions, dry deposition, and chemical processes of 
air pollutants. (4) The impacts of meteorological conditions 
during droughts (potentially in conjunction with heat waves; 
see Section “Air Pollution and Heat Waves”) on chemical 
production/loss, dispersion, and deposition of air pollutants 
have been under-studied. (5) It is also less well known how 
drought-induced local air pollution changes are coupled with 
regional and long-range transport and may impact down-
stream regions. (6) The effects and interactions of air pol-
lution on droughts are very much under-studied, especially 
with natural sources of aerosols from wildfires and dust 
storms in the feedback loop. There is little knowledge on 
both the associated quantitative impacts and mechanisms, 
which may involve complicated chemistry-vegetation and 
aerosol-cloud-radiation interactions as well as some uniden-
tified processes.

To address these knowledge gaps, we provide the follow-
ing recommendations. (1) More process-level studies and 
observational data focusing on major drought events are 
needed. A synthesis of existing in situ and remote sensing 
observations of droughts, meteorology, and air pollution will 
provide a good starting point. More analyses of long-term 
regional air pollution data together with monitored droughts 
and relevant meteorological data are required to improve the 
quantification of impacts and interactions between air pol-
lution and droughts. (2) Global/regional climate-chemistry 
modeling studies, such as process-level sensitivity tests, will 
be useful to explore and identify the key mechanisms of 
air pollution-drought interactions. Particularly, the chem-
istry-vegetation-hydrology interactions are key modeling 
processes to be enhanced in order to capture the two-way 
coupling of air pollution and droughts. (3) Collaborations 
among observational and modeling groups as well as scien-
tists in atmospheric chemistry, meteorology, hydrology, and 
ecology are needed to facilitate the progress on this interdis-
ciplinary but under-studied topic.

Air Pollution and Wildfires

Wildfires are a key component in our Earth system and have 
significant social impacts, including directly posing risks to 
public health and property as well as indirectly impacting the 
human and earth systems by affecting weather, climate, air 
quality, ecosystem health, and agriculture [100]. We include 
wildfire as one type of weather extremes in this study, since 
it is an unusual, severe weather event that often occurs under 
extremely dry and/or hot conditions together with droughts 
and/or heat waves. Previous studies suggest that global wild-
fire risk will likely increase in the future [101, 102].
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Mechanisms of Interactions

Wildfires have long been recognized as one of the major 
sources of air pollution [74, 75•, 103]. During the combus-
tion process, wildfires directly emit significant amounts of 
primary air pollutants and precursors of secondary air pol-
lutants [104, 105]. Emissions of a chemical species from a 
wildfire event can be calculated as a product of fire burned 
area, fuel load, the fraction of fuel that is burned, and emis-
sion factor of the chemical species which varies with vegeta-
tion type. Several widely used global fire emission inven-
tories use this approach [103, 105]. Uncertainties exist in 
all four variables mentioned above, while the uncertainty 
in fuel load is a major driver of uncertainty in fire emission  
estimates [105]. Emission factors vary with combustion effi-
ciency, but quantifying combustion efficiency remains chal-
lenging. Fires in the wildland-urban interfaces (WUI) also 
need particular attention as WUI fires can involve structure 
burning leading to different emissions than wildfires. When 
trace gases and aerosols are emitted from fires to the atmos-
phere, they undergo transport and chemical processing. 
Therefore, understanding transport (e.g., fire plume rise) and 
atmospheric chemistry (e.g., ozone and SOA formation) are  
also critical to understanding wildfire impacts on air pollution.

Not only do wildfires impact air pollution but also air 
pollution can feed back on wildfires, which however is a 
much less understood process. In theory, there are a few pos-
sible pathways through which air pollution may impact wild-
fires. (1) Air pollutants (particularly aerosols) could change 
regional atmospheric states (cloud, precipitation, wind, and 
atmospheric stability) [106], which can affect wildfire occur-
rence, spread, and intensity. For example, a recent study [9] 
found that wildfires can be enhanced by the radiative effects 
of smoke aerosols in different coastal areas through modi-
fying near-surface winds, air dryness, and rainfall patterns, 
which hence triggers positive smoke-weather-wildfire feed-
back. (2) Air pollutants can impact the climate by altering 
atmospheric composition and large-scale radiative balance 
[107, 108], and the changed climate can further impact wild-
fire activities. (3) Air pollution can also impact vegetation 
[99, 109], and vegetation density and distribution largely 
drive wildfire activities. (4) Under some circumstances, air 
pollution can impact human activities which are relevant 
to fire ignition. For example, as more people move to WUI 
due to urban expansion, the chances of fire ignition are also 
enhanced [110].

Gaps and Future Directions

Wildfire impacts on air pollution are an active research field. 
Several gaps need to be addressed. For example, it is crucial 
to (1) reduce uncertainties in fire emission estimates and (2) 

understand wildfire-related physical and chemical processes 
such as plume rise and interaction with meteorology, chemi-
cal processes like SOA formation, ozone chemistry, VOC-
related processes, and aerosol-cloud interaction.

To address the aforementioned gaps and fully understand 
the wildfire emissions, subsequent processes, and impacts, 
it takes joint efforts from lab experiments, field measure-
ments, satellite retrievals, and modeling communities. Lab 
experiments provide valuable data on emission factors and 
chemical processes [111]. Field campaigns focusing on fires 
such as FIREX-AQ (Fire Influence on Regional to Global 
Environments and Air Quality), WE-CAN (Western wildfire 
Experiment for Cloud chemistry, Aerosol absorption and 
Nitrogen), and BBOP (Biomass Burning Observation Pro-
ject) can significantly push our understanding of wildfires 
forward [112–115]. Satellite products such as burned area, 
fire radiative power, atmospheric composition, aerosol opti-
cal depth, and plume height retrievals provide large-scale 
continuous measurements on multiple aspects of wildfires. 
Climate-chemistry models are very useful to assess wildfire 
impacts on air pollution at a regional to global scale [114]. 
It is important to integrate knowledge learned from differ-
ent approaches together to understand wildfire impacts on 
air pollution and continue improving the representation of 
wildfires in climate-chemistry models.

In addition, more studies are needed to understand and 
quantify the impacts of air pollution on wildfires. At this 
point, it is unclear how and to what degree air pollution 
can impact wildfires, which needs to be addressed through 
interdisciplinary collaborations (e.g., atmospheric chemistry, 
meteorology, climate, and ecology).

Air Pollution and Heat Waves

Heat waves are typically defined as a period of consecutive 
days where conditions are excessively hotter than normal 
[116]. Heat waves have negative impacts on human health 
[117] and the environment [118]. Previous studies have 
found that in recent decades, the frequency and intensity of 
heat waves have increased globally [119], and in the future, 
more frequent and severe heat waves are expected to occur 
in many regions due to climate change [120, 121].

Mechanisms of Interactions

Heat waves can contribute to air pollution in multiple ways. 
Heat waves can directly enhance wildfires and hence fire 
emissions of air pollutants [122•]. Heat waves in general 
enhance emissions of biogenic VOCs [123, 124] which are 
the precursors of ozone and SOA. The higher air temperature 
during heat waves can increase chemical reaction rates [125]. 
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As a result, previous studies have found that surface ozone 
and PM pollution are enhanced during heat waves [125–128].

In addition to the direct influences of heat waves, there are 
other indirect ways through which heat waves can affect air  
pollution. The broader definition of heat waves includes metrics 
beyond temperature, but also humidity and radiation. Humid 
conditions can affect PM formation via aqueous chemistry and 
wet growth of particle size. Enhanced solar radiation during 
cloud-free conditions also affects ozone chemistry. For exam-
ple, the meteorological patterns contributing to heat waves 
often feature high pressure, low wind, and stagnation, which 
can impact the horizontal dispersion and vertical ventilation of 
air pollutants. In addition, droughts, often co-occurring with 
heat waves [129, 130], can further enhance wildfires and fire 
emissions as well as affect air pollution in multiple ways as laid 
out in Section “Air Pollution and Droughts.”

Previous studies focused more on how heat waves impact 
air pollution as discussed above. However, air pollution, 
especially aerosols as scattering and absorbing agents of 
solar radiation, may also influence heat waves by altering 
thermodynamic conditions (generally surface cooling and 
atmospheric heating). For example, anthropogenic emissions 
of aerosols can enhance the urban heat island effect locally, 
which further exacerbates the heat stress resulting from heat 
waves [131]. Furthermore, aerosols can perturb the regional 
[7] to global dynamical climate conditions [57, 132, 133•] 
through aerosol-meteorology interaction, which however is 
a process that has not yet been explored much.

Gaps and Future Directions

The knowledge of the interactions between air pollution and 
heat waves is very limited currently. To understand how air 
pollution might interact or modulate heat waves, it would 
be beneficial to conduct dedicated model sensitivity studies 
using a coupled climate-chemistry model that is evaluated 
comprehensively with existing multi-platform observations 
of weather and atmospheric chemistry, for specific heat wave 
events in the recent past, especially those close to large pop-
ulation centers and that have led to major health outcomes.

In addition, via the ecological linkage (Fig. 1), a quantitative 
understanding of how heat waves (jointly or after drought condi-
tions) impact wildfire occurrence and intensity and hence fire 
related emissions of air pollutants and precursors will be valu-
able, especially under the changing climate where heat waves 
and wildfire activities are both projected to increase in the future.

Conclusions

Air pollutants need to be considered as a key component 
of weather and climate systems, because they induce com-
plex interactions via meteorological and ecological feedback 

pathways (Fig. 1). Several existing review articles have cov-
ered the state of knowledge of air pollution research from 
different aspects, such as how air pollution affects climate 
and weather, how meteorology affects air pollution, the 
interaction with ecosystems, and impacts on public health. 
However, to the best of our knowledge, no review article 
has jointly assessed the two-way interaction between air 
pollution and climate/weather phenomena, or specifically 
focused on extremes which have substantial social impacts. 
Considering the very limited process-level mechanistic 
understanding at event basis (weather) as well as the general 
under-appreciation of the role of air pollution for long-term 
(climate) characteristics of extremes so far, we therefore pro-
vided this concise review of the current knowledge and gaps 
on the role of air pollution in impacting and feeding back 
on weather and climate extremes. We also proposed some 
potential future directions to address the knowledge gaps.

We focused this review on the relationships between 
air pollution and a few representative types of climate and 
weather extremes, including extreme precipitation, floods, 
droughts, wildfires, and heat waves, because they are socio-
economically important and also there is relatively more abun-
dant literature addressing at least one-way influence. We note 
that there are other extremes (e.g., tornado and hurricane) that 
might interact with air pollution but with very few studies so 
far. We found that existing literature provides evidence (albeit 
limited) that air pollution can contribute to and/or interact 
with each of those extremes focused by this review. Several 
possible mechanisms, especially via complex air pollution-
meteorology and air pollution-ecosystem interactions, have 
been identified and proposed by previous studies to explain 
the connections between air pollution and those extremes. 
Some of these meteorological (e.g., aerosol-cloud interac-
tion) and/or ecological (e.g., ozone-vegetation interaction) 
mechanisms similarly apply to those of interactions between 
air pollution and general (mean, non-extreme) climate, but 
some are unique to extremes (e.g., drought-induced vegeta-
tion change affects ozone deposition; unique meteorological 
conditions during droughts or heat waves affect atmospheric 
chemistry). Currently, there is still a lack of quantitative 
assessment of two-way interactions and mechanistic under-
standing of the feedbacks involved. Moreover, the weather and 
climate extremes are also often compounded spatiotemporally, 
such as extreme precipitation-flood and drought-wildfire-heat 
wave, adding complexity to the problem. Some mechanisms 
through which air pollution interacts with these extremes may 
be similar (e.g., aerosol-cloud interaction impacts extreme 
precipitation and floods; high temperature during droughts 
and heat waves favors wildfires and thus fire emissions of air 
pollutants), but there are interactions that are more unique to a 
specific extreme (e.g., vegetation response to droughts affects 
biogenic emissions; aerosol wet removal efficiency altered by 
increased extreme precipitation).
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To address the knowledge gaps, there is an imperative 
need for (1) more process-level investigations focusing on 
representative weather events and climate conditions to 
improve the mechanistic and quantitative understanding; 
(2) synthesizing, enhancing, and sustaining multi-platform 
multi-scale observations of atmospheric chemistry, meteor-
ology, and ecosystem; (3) multiple modeling analyses for 
climate and weather extremes contributing to or modulated 
by air pollution, especially with fully interactive gas-phase 
and aerosol chemistry as well as ecologically relevant bio-
geochemistry; and (4) facilitating greater interdisciplinary 
collaborations across fields (e.g., air quality, synoptic mete-
orology, climate change, and ecology) and groups (modeling 
and observation).

Funding C. He was partially supported by NOAA’s Climate Program 
Office’s Modeling, Analysis, Predictions, and Projections Program 
(MAPP) grant NA20OAR4310421. W. Tang was partially supported 
by NOAA Atmospheric Chemistry, Carbon Cycle and Climate (AC4) 
Program (Award Number: NA22OAR4310204). The NSF National 
Center for Atmospheric Research is sponsored by the National Sci-
ence Foundation.

Compliance with Ethical Standards 

Conflict of Interest The authors declare no competing interests.

Human and Animal Rights and Informed Consent This article does not 
contain any studies with human or animal subjects performed by any 
of the authors.

Disclaimer Any opinions, findings, conclusions, or recommendations 
expressed in this publication are those of the authors and do not neces-
sarily reflect the views of the National Science Foundation.

References

Papers of particular interest, published recently, have 
been highlighted as:  
• Of importance

 1. Fan J, Wang Y, Rosenfeld D, Liu X. Review of aerosol–cloud 
interactions: Mechanisms, significance, and challenges. J Atmos 
Sci. 2016;73(11):4221–52.

 2. IPCC, 2021: Summary for policymakers. In: Climate change 
2021: The Physical Science Basis. Contribution of Working 
Group I to the Sixth Assessment Report of the Intergovern-
mental Panel on Climate Change [Masson-Delmotte, V., P. 
Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, 
Y. Chen, L. Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, E. 
Lonnoy, J.B.R. Matthews, T.K. Maycock, T. Waterfield, O. 
Yelekçi, R. Yu, and B. Zhou (eds.)]. Cambridge University 
Press, Cambridge, United Kingdom and New York, NY, USA; 
2023. p. 3−32. https:// doi. org/ 10. 1017/ 97810 09157 896. 001.

 3. Qian Y, Yasunari TJ, Doherty SJ, Flanner MG, Lau WKM, 
Ming J, et al. Light-absorbing particles in snow and ice: Meas-
urement and modeling of climatic and hydrological impact. 

Adv Atmos Sci. 2015;32(1):64–91. https:// doi. org/ 10. 1007/ 
s00376- 014- 0010-0.

 4. He C. Modeling light absorbing particle-snow-radiation inter-
actions and impacts on snow albedo: Fundamentals, recent 
advances, and future directions. Environ Chem. 2022. https:// 
doi. org/ 10. 1071/ EN220 13.

 5. Huang H, Qian Y, He C, Bair EH, Rittger K. Snow albedo 
feedbacks enhance snow impurity‐induced radiative forc-
ing in the Sierra Nevada.  Geophys  Res  Lett. 2022 Jun 
16;49(11):e2022GL098102.

 6. Rosenfeld D, Andreae MO, Asmi A, Chin M, de Leeuw G, 
Donovan DP, Kahn R, Kinne S, Kivekäs N, Kulmala M, Lau 
W. Global observations of aerosol‐cloud‐precipitation‐climate 
interactions. Rev Geophys. 2014 Dec;52(4):750-808.

 7. Li Z, Lau WM, Ramanathan V, Wu G, Ding Y, Manoj MG, Liu 
J, Qian Y, Li J, Zhou T, Fan J. Aerosol and monsoon climate 
interactions over Asia. Rev Geophys. 2016 Dec;54(4):866-929.

 8. Zhang X, Zhong J, Wang J, Wang Y, Liu Y. The interdecadal 
worsening of weather conditions affecting aerosol pollution in 
the Beijing area in relation to climate warming. Atmos Chem 
Phys. 2018;18(8):5991–9.

 9. Huang X, Ding K, Liu J, Wang Z, Tang R, Xue L, Wang H, 
Zhang Q, Tan ZM, Fu C, Davis SJ. Smoke-weather interaction 
affects extreme wildfires in diverse coastal regions. Science. 
2023 Feb 3;379(6631):457-61.

 10. Tang J, Schurgers G, Rinnan R. Process understanding of soil 
BVOC fluxes in natural ecosystems: A review. Rev Geophys. 
2019 Sep;57(3):966-86. https:// doi. org/ 10. 1029/ 2018R G0006 34.

 11. Clifton OE, Fiore AM, Massman WJ, Baublitz CB, Coyle M, 
Emberson L, Fares S, Farmer DK, Gentine P, Gerosa G, Guenther 
AB. Dry deposition of ozone over land: processes, measurement, 
and modeling. Rev Geophys. 2020 Mar;58(1):e2019RG000670.

 12. Guenther A, Jiang X, Shah T, Huang L, Kemball-Cook S, Yarwood 
G. Model of emissions of gases and aerosol from nature version 
3 (MEGAN3) for estimating biogenic emissions. In Air Pollu-
tion Modeling and its Application XXVI 36 2020 (pp. 187-192). 
Springer International Publishing.

 13. Fiore AM, Naik V, Leibensperger EM. Air quality and climate 
connections. J Air Waste Manage Assoc. 2015;65:645–85. 
https:// doi. org/ 10. 1080/ 10962 247. 2015. 10405 26.

 14. Wang T, Dai J, Lam KS, Nan Poon C, Brasseur GP. Twenty-five 
years of lower tropospheric ozone observations in tropical East 
Asia: The influence of emissions and weather patterns. Geophys 
Res Lett. 2019;46(20):11463–70.

 15. Shrivastava M, Cappa CD, Fan J, Goldstein AH, Guenther AB, 
Jimenez JL, Kuang C, Laskin A, Martin ST, Ng NL, Petaja T. Recent 
advances in understanding secondary organic aerosol: Implications 
for global climate forcing. Rev Geophys. 2017 Jun;55(2):509-59.

 16. Bellouin N, Quaas J, Gryspeerdt E, Kinne S, Stier P, Watson‐
Parris D, Boucher O, Carslaw KS, Christensen M, Daniau AL, 
Dufresne JL. Bounding global aerosol radiative forcing of cli-
mate change. Rev Geophys. 2020 Mar;58(1):e2019RG000660.

 17. Li J, Carlson BE, Yung YL, Lv D, Hansen J, Penner JE, Liao H, 
Ramaswamy V, Kahn RA, Zhang P, Dubovik O. Scattering and 
absorbing aerosols in the climate system. Nat Rev Earth Environ. 
2022 Jun;3(6):363-79.

 18. Kok JF, Storelvmo T, Karydis VA, Adebiyi AA, Mahowald NM, 
Evan AT, He C, Leung DM. Mineral dust aerosol impacts on 
global climate and climate change. Nat Rev Earth Environ. 2023 
Feb;4(2):71-86.

 19. Kelly FJ, Fussell JC. Air pollution and public health: Emerging 
hazards and improved understanding of risk. Environ Geochem 
Health. 2015;37:631–49.

 20. Kinney PL. Interactions of climate change, air pollution, 
and human health. Current environmental health reports. 
2018;5:179–86.

https://doi.org/10.1017/9781009157896.001
https://doi.org/10.1007/s00376-014-0010-0
https://doi.org/10.1007/s00376-014-0010-0
https://doi.org/10.1071/EN22013
https://doi.org/10.1071/EN22013
https://doi.org/10.1029/2018RG000634
https://doi.org/10.1080/10962247.2015.1040526


 Current Pollution Reports

 21. Manisalidis I, Stavropoulou E, Stavropoulos A, Bezirtzoglou E. Envi-
ronmental and health impacts of air pollution: a review. Front Public 
Health. 2020 Feb 20;8:14.

 22. Fowler D, Pilegaard K, Sutton MA, Ambus P, Raivonen M, 
Duyzer J, Simpson D, Fagerli H, Fuzzi S, Schjoerring JK, Granier 
C. Atmospheric composition change: ecosystems–atmosphere 
interactions.  Atmos  Environ. 2009 Oct 1;43(33):5193-267. 
https:// doi. org/ 10. 1016/j. atmos env. 2009. 07. 068.

 23. He C, Clifton O, Felker-Quinn E, Fulgham SR, Calahorrano JJ, 
Lombardozzi D, Purser G, Riches M, Schwantes R, Tang W, 
Poulter B, Steiner AL. Interactions between air pollution and ter-
restrial ecosystems: Perspectives on challenges and future direc-
tions. Bull Amer Meteor Soc. 2021;102(3):E525–38. https:// doi. 
org/ 10. 1175/ BAMS-D- 20- 0066.1.

 24. Sillmann J, Thorarinsdottir T, Keenlyside N, Schaller N, 
Alexander LV, Hegerl G, Seneviratne SI, Vautard R, Zhang 
X, Zwiers FW. Understanding, modeling and predicting 
weather and climate extremes: Challenges and opportuni-
ties. Weather Clim Extremes. 2017 Dec 1;18:65-74.

 25. Ummenhofer CC, Meehl GA. Extreme weather and climate 
events with ecological relevance: A review. Philosophical 
Transactions of the Royal Society B: Biological Sciences. 
2017;372(1723):20160135.

 26. AghaKouchak A, Chiang F, Huning LS, Love CA, Mallakpour I, 
Mazdiyasni O, Moftakhari H, Papalexiou SM, Ragno E, Sadegh 
M. Climate extremes and compound hazards in a warming 
world. Annu Rev Earth Planet Sci. 2020 May 30;48:519-48.

 27. Carleton T, Jina A, Delgado M, Greenstone M, Houser T, 
Hsiang S, Hultgren A, Kopp RE, McCusker KE, Nath I, Rising 
J. Valuing the global mortality consequences of climate change 
accounting for adaptation costs and benefits. Q J Econ. 2022 
Nov;137(4):2037-105.

 28. Menéndez P, Losada IJ, Torres-Ortega S, Narayan S, Beck MW. 
The global flood protection benefits of mangroves. Sci Rep. 
2020;10(1):1–11.

 29. FAO. The impact of disasters and crises on agriculture and food 
security: 2021. Rome: FAO; 2021. https:// doi. org/ 10. 4060/ 
CB367 3EN.

 30. Abolafia-Rosenzweig R, He C, Chen F. Winter and spring 
climate explains a large portion of interannual variability and 
trend in western US summer fire burned area. Environ Res Lett. 
2022;17(5): 054030.

 31. Peterson TC, Karl TR, Kossin JP, Kunkel KE, Lawrimore JH, 
McMahon JR, Vose RS, Yin X. Changes in weather and climate 
extremes: State of knowledge relevant to air and water qual-
ity in the United States. J Air Waste Manag Assoc. 2014 Feb 
1;64(2):184-97.

 32. Tian H, Ren W, Tao B, Sun G, Chappelka A, Wang X, Pan S, 
Yang J, Liu J, S. felzer B, M. melillo J. Climate extremes and 
ozone pollution: a growing threat to China’s food security. Eco-
syst Health Sustain. 2016 Jan 1;2(1):e01203.

 33.• Lin M, Horowitz LW, Xie Y, Paulot F, Malyshev S, Shevliakova 
E, Finco A, Gerosa G, Kubistin D, Pilegaard K. Vegetation feed-
backs during drought exacerbate ozone air pollution extremes 
in Europe. Nat Clim Change. 2020 May 2;10(5):444-51. This 
study provides a new knowledge of drought impacts on ozone 
pollution through vegetation feedbacks.

 34. Rosenfeld D, Lohmann U, Raga GB, O'Dowd CD, Kulmala 
M, Fuzzi S, Reissell A, Andreae MO. Flood or drought: 
how do aerosols affect precipitation? Science. 2008 Sep 
5;321(5894):1309-13.

 35. Fan J, Rosenfeld D, Yang Y, Zhao C, Leung LR, Li Z. Substantial 
contribution of anthropogenic air pollution to catastrophic floods 
in Southwest China. Geophys Res Lett. 2015;42(14):6066–75.

 36. Wang Y, Zhang R, Saravanan R. Asian pollution climatically mod-
ulates mid-latitude cyclones following hierarchical modelling and 

observational analysis. Nat Commun. 2014;5:3098. https:// doi. 
org/ 10. 1038/ ncomm s4098.

 37. Wang Y, Lee K-H, Lin Y, Levy M, Zhang R. Distinct effects of 
anthropogenic aerosols on tropical cyclones. Nat Clim Change. 
2014;4:368–73.

 38. Mascioli NR, Fiore AM, Previdi M, Correa G. Temperature and 
precipitation extremes in the United States: Quantifying the 
responses to anthropogenic aerosols and greenhouse gases. J 
Clim. 2016;29(7):2689–701.

 39. Lin L, Wang Z, Xu Y, Fu Q, Dong W. Larger sensitivity of 
precipitation extremes to aerosol than greenhouse gas forcing in 
CMIP5 models. Journal of Geophysical Research: Atmospheres. 
2018;123:8062–73. https:// doi. org/ 10. 1029/ 2018J D0288 21.

 40. Su CY, Wei-Ting C, Jen-Ping C, Wei-Yu C, Jou BJ. The Impacts 
of cloud condensation nuclei on the extreme precipitation of 
a monsoon coastal mesoscale convection system. TAO: Terr 
Atmospheric Ocean Sci. 2020 Apr 1;31(2):1.

 41. Xie X, Myhre G, Shindell D, Faluvegi G, Takemura T, Voulgarakis 
A, Shi Z, Li X, Xie X, Liu H, Liu X. Anthropogenic sulfate aerosol 
pollution in South and East Asia induces increased summer precipi-
tation over arid Central Asia. Communications Earth & Environ-
ment. 2022 Dec 27;3(1):328.

 42. Tao WK, Chen JP, Li Z, Wang C, Zhang C. Impact of aerosols 
on convective clouds and precipitation. Rev Geophys. 2012 
Jun;50(2).

 43. Hoose C, Möhler O. Heterogeneous ice nucleation on atmos-
pheric aerosols: A review of results from laboratory experi-
ments. Atmos Chem Phys. 2012;12(20):9817–54.

 44. Zhao B, Liou KN, Gu Y, Jiang JH, Li Q, Fu R, Huang L, Liu X, 
Shi X, Su H, He C. Impact of aerosols on ice crystal size. Atmos 
Chem Phys. 2018 Jan 26;18(2):1065-78.

 45. Choudhury G, Tyagi B, Vissa NK, Singh J, Sarangi C, Tripathi 
SN, Tesche M. Aerosol-enhanced high precipitation events near the 
Himalayan foothills. Atmos Chem Phys. 2020;20(23):15389–99.

 46. Lin Y, Fan JW, Jeong J-H, Zhang YW, Homeyer CR, Wang JY. 
Urbanization-induced land and aerosol impacts on storm propa-
gation and hail characteristics. J Atmos Sci. 2021;78:925–47. 
https:// doi. org/ 10. 1175/ JAS-D- 20- 0106.1.

 47.• Qian Y, Chakraborty TC, Li J, Li D, He C, Sarangi C, Chen F, 
Yang X, Leung LR. Urbanization impact on regional climate 
and extreme weather: Current understanding, uncertainties, and 
future research directions. Adv Atmos Sci. 2022 Jun;39(6):819-
60. This article synthesizes the latest knowledge of urbaniza-
tion (including urban air pollution) impacts on climate and 
weather extremes.

 48. Fan J, Zhang Y, Li Z, Hu J, Rosenfeld D. Urbanization-
induced land and aerosol impacts on sea-breeze circula-
tion and convective precipitation. Atmos Chem Phys. 
2020 Nov 23;20(22):14163-82.  https:// doi. org/ 10. 5194/ 
acp- 20- 14163- 2020.

 49. Guo Y, Dong B, Zhu J. Anthropogenic impacts on changes in 
summer extreme precipitation over China during 1961–2014: 
roles of greenhouse gases and anthropogenic aerosols. Clim 
Dyna. 2023 May;60(9-10):2633-43.

 50. Fan J, Rosenfeld D, Zhang Y, Giangrande SE, Li Z, Machado 
LA, Martin ST, Yang Y, Wang J, Artaxo P, Barbosa HM. Sub-
stantial convection and precipitation enhancements by ultrafine 
aerosol particles. Science. 2018 Jan 26;359(6374):411-8.

 51. Ramanathan V, Chung C, Kim D, Bettge T, Buja L, Kiehl JT, 
Washington WM, Fu Q, Sikka DR, Wild M. Atmospheric brown 
clouds: Impacts on South Asian climate and hydrological cycle. 
Proceed Nat Acad Sci. 2005 Apr 12;102(15):5326-33.

 52. Lin L, Xu Y, Wang Z, Diao C, Dong W, Xie SP. Changes in 
extreme rainfall over India and China attributed to regional aer-
osol-cloud interaction during the late 20th century rapid indus-
trialization. Geophys Res Lett. 2018;45(15):7857–65.

https://doi.org/10.1016/j.atmosenv.2009.07.068
https://doi.org/10.1175/BAMS-D-20-0066.1
https://doi.org/10.1175/BAMS-D-20-0066.1
https://doi.org/10.4060/CB3673EN
https://doi.org/10.4060/CB3673EN
https://doi.org/10.1038/ncomms4098
https://doi.org/10.1038/ncomms4098
https://doi.org/10.1029/2018JD028821
https://doi.org/10.1175/JAS-D-20-0106.1
https://doi.org/10.5194/acp-20-14163-2020
https://doi.org/10.5194/acp-20-14163-2020


Current Pollution Reports 

 53. Sillmann J, Stjern CW, Myhre G, Samset BH, Hodnebrog Ø, 
Andrews T, Boucher O, Faluvegi G, Forster P, Kasoar MR, 
Kharin VV. Extreme wet and dry conditions affected differently 
by greenhouse gases and aerosols. NPJ Clim Atmos Sci 2019 Jul 
17;2(1):24.

 54. Monerie PA, Dittus AJ, Wilcox LJ, Turner AG. Uncertainty in 
simulating twentieth century West African precipitation trends: 
the role of anthropogenic aerosol emissions. Earth's Future. 2023 
Feb;11(2):e2022EF002995.. https:// doi. org/ 10. 1029/ 2022E F0029 95

 55. Dong T, Zhu X, Deng R, Ma Y, Dong W. Detection and attribu-
tion of extreme precipitation events over the Asian monsoon 
region. Weather and Climate Extremes. 2022;38: 100497.

 56. Xu Y, Lin L, Diao C, Wang Z, Bates S, Arblaster J. The Response 
of Precipitation Extremes to the Twentieth‐and Twenty‐First‐
Century Global Temperature Change in a Comprehensive Suite 
of CESM1 Large Ensemble Simulation: Revisiting the Role of 
Forcing Agents Vs. the Role of Forcing Magnitudes. Earth Space 
Sci. 2022 Jan;9(1):e2021EA002010.

 57. Xu Y, Ramanathan V, Victor DG. Global warming will happen 
faster than we think. Nature. 2018;564(7734):30.

 58. Lin L, Wang Z, Xu Y, Fu Q. Sensitivity of precipitation extremes 
to radiative forcing of greenhouse gases and aerosols. Geophys 
Res Lett. 2016;43(18):9860–8.

 59. Lin L, Wang Z, Xu Y, Zhang X, Zhang H, Dong W. Additional 
intensification of seasonal heat and flooding extreme over China 
in a 2 C warmer world compared to 1.5 C. Earth's Future. 2018 
Jul;6(7):968-78.

 60. Wang Z, Lin L, Yang M, Xu Y. The effect of future reduction 
in aerosol emissions on climate extremes in China. Clim Dyn. 
2016;47:2885–99.

 61. Zhao AD, Stevenson DS, Bollasina MA. The role of anthropo-
genic aerosols in future precipitation extremes over the Asian 
Monsoon Region. Clim Dyn. 2019;52:6257–78.

 62. Xu Y, Lamarque JF. Isolating the meteorological impact of 21st 
century GHG warming on the removal and atmospheric loading 
of anthropogenic fine particulate matter pollution at global scale. 
Earth’s Future. 2018;6(3):428–40.

 63. Pomeroy JW, Stewart RE, Whitfield PH. The 2013 flood event 
in the South Saskatchewan and Elk River basins: Causes, assess-
ment and damages. Canadian Water Resources Journal/Revue 
Canadienne Des Ressources Hydriques. 2016;41(1–2):105–17.

 64. Moftakhari HR, Salvadori G, AghaKouchak A, Sanders BF, 
Matthew RA. Compounding effects of sea level rise and fluvial 
flooding. Proc Natl Acad Sci. 2017;114(37):9785–90.

 65. Zhang W, Villarini G, Vecchi GA, Smith JA. Urbanization exac-
erbated the rainfall and flooding caused by hurricane Harvey in 
Houston. Nature. 2018;563(7731):384–8.

 66. He C, Flanner M. Snow albedo and radiative transfer: Theory, 
modeling, and parameterization. Springer Series in Light 
Scattering: Volume 5: Radiative Transfer, Remote Sensing, 
and Light Scattering. 2020:67-133.. https:// doi. org/ 10. 1007/ 
978-3- 030- 38696-2_3

 67. Flanner MG, Arnheim JB, Cook JM, Dang C, He C, Huang X, et al. 
SNICAR-ADv3: A community tool for modeling spectral snow 
albedo. Geoscientific Model Development. 2021;14(12):7673–704. 
https:// doi. org/ 10. 5194/ gmd- 14- 7673- 2021.

 68. Skiles SM, Flanner M, Cook JM, Dumont M, Painter TH. Radia-
tive forcing by light-absorbing particles in snow. Nat Clim Chang. 
2018;8(11):964–71. https:// doi. org/ 10. 1038/ s41558- 018- 0296-5.

 69. Trinh HT, Duong HT, Strobel BW, Le GT. Comprehensive study 
of organic micro-pollutants in flooded paddy soils in central 
Vietnam: Levels, pollution pathways and sources. Bull Environ 
Contam Toxicol. 2020;105:572–81.

 70. Naumann G, Cammalleri C, Mentaschi L, Feyen L. Increased 
economic drought impacts in Europe with anthropogenic warm-
ing. Nat Clim Chang. 2021;11(6):485–91.

 71. Pokhrel Y, Felfelani F, Satoh Y, Boulange J, Burek P, Gädeke A, 
Gerten D, Gosling SN, Grillakis M, Gudmundsson L, Hanasaki 
N. Global terrestrial water storage and drought severity under cli-
mate change. Nature Climate Change. 2021 Mar;11(3):226-33.

 72. Williams AP, Cook BI, Smerdon JE. Rapid intensification of 
the emerging southwestern North American megadrought in 
2020–2021. Nat Clim Chang. 2022;12(3):232–4. https:// doi. 
org/ 10. 1038/ s41558- 022- 01290-z.

 73. Littell JS, Peterson DL, Riley KL, Liu Y, Luce CH. A review of 
the relationships between drought and forest fire in the United 
States. Glob Change Biol. 2016;22(7):2353–69.

 74. Jaffe DA, O’Neill SM, Larkin NK, Holder AL, Peterson DL, 
Halofsky JE, Rappold AG. Wildfire and prescribed burning 
impacts on air quality in the United States. J Air Waste Manag 
Assoc. 2020;70(6):583–615.

 75.• Buchholz RR, Park M, Worden HM, Tang W, Edwards DP, 
Gaubert B, Deeter MN, Sullivan T, Ru M, Chin M, Levy RC. 
New seasonal pattern of pollution emerges from changing North 
American wildfires. nat Commun. 2022 Apr 19;13(1):2043. This 
article provides new understanding of how wildfire impacts 
seasonal pattern of air pollution.

 76. Wang YX, Xie YY, Cai LB, Dong WH, Zhang QQ, Zhang L. 
Impact of the 2011 Southern US drought on ground-level fine 
aerosol concentration in summertime. J Atmos Sci. 2015;72(3): 
1075–93.

 77. Wang YX, Xie YY, Dong WH, Ming Y, Wang J, Shen L. 
Adverse effects of increasing drought on air quality via natural 
processes. Atmos Chem Phys. 2017;17(20):12827–43.

 78. Vicente-Serrano SM, Quiring SM, Pena-Gallardo M, Yuan S, 
Dominguez-Castro F. A review of environmental droughts: Increased 
risk under global warming? Earth Sci Rev. 2020;201: 102953.

 79. Šmejkalová AH, Brzezina J. The effect of drought on PM con-
centrations in the Czech Republic. Aerosol and Air Quality 
Research. 2022;22(10): 220130.

 80. Achakulwisut P, Mickley LJ, Anenberg SC. Drought-sensitivity of fine 
dust in the US Southwest: Implications for air quality and public health 
under future climate change. Environ Res Lett. 2018;13(5): 054025.

 81. Lin MY, Horowitz LW, Payton R, Fiore AM, Tonnesen G. US 
surface ozone trends and extremes from 1980 to 2014: Quan-
tifying the roles of rising Asian emissions, domestic controls, 
wildfires, and climate. Atmos Chem Phys. 2017;17(4):2943–70.

 82. Li W, Wang Y, Flynn J, Griffin RJ, Guo F, Schnell JL. Spatial 
variation of surface O3 responses to drought over the contigu-
ous United States during summertime: Role of precursor emis-
sions and ozone chemistry.  J Geophys Res Atmos. 2022 Jan 
16;127(1):e2021JD035607. https:// doi. org/ 10. 1029/ 2021J D0356 07

 83.• Lei Y, Yue X, Liao H, Zhang L, Zhou H, Tian C, Gong C, Ma 
Y, Cao Y, Seco R, Karl T. Global perspective of drought impacts 
on ozone pollution episodes. Environ Sci Technol. 2022 Mar 
17;56(7):3932-40. This article provides a new perspective and 
knowledge of global drought influences on ozone air pollution.

 84. Abeleira AJ, Farmer DK. Summer ozone in the northern Front 
Range metropolitan area: Weekend-weekday effects, tempera-
ture dependences, and the impact of drought. Atmos Chem Phys. 
2017;17(11):6517–29.

 85. Demetillo MA, Anderson JF, Geddes JA, Yang X, Najacht EY, 
Herrera SA, Kabasares KM, Kotsakis AE, Lerdau MT, Pusede 
SE. Observing severe drought influences on ozone air pollution 
in California. Environ Sci Technol. 2019 Apr 10;53(9):4695-706.

 86. Wang P, Liu Y, Dai J, Fu X, Wang X, Guenther A, Wang T. 
Isoprene emissions response to drought and the impacts on 
ozone and SOA in China. J Geophys Res: Atmos. 2021 May 
27;126(10):e2020JD033263. https:// doi. org/ 10. 1029/ 2020J D0332 63

 87. Huang L, McDonald-Buller EC, McGaughey G, Kimura Y, 
Allen DT. The impact of drought on ozone dry deposition over 
eastern Texas. Atmos Environ. 2016;127:176–86.

https://doi.org/10.1029/2022EF002995
https://doi.org/10.1007/978-3-030-38696-2_3
https://doi.org/10.1007/978-3-030-38696-2_3
https://doi.org/10.5194/gmd-14-7673-2021
https://doi.org/10.1038/s41558-018-0296-5
https://doi.org/10.1038/s41558-022-01290-z
https://doi.org/10.1038/s41558-022-01290-z
https://doi.org/10.1029/2021JD035607
https://doi.org/10.1029/2020JD033263


 Current Pollution Reports

 88. Baltaci H, Tumay G, Labban AH. Impact of drought conditions 
on air pollution over Turkey. Int J Climatol. 2023 Mar 1.

 89. Hu Y, Wang S, Yang X, Kang Y, Ning G, Du H. Impact of win-
ter droughts on air pollution over Southwest China. Sci Total 
Environ. 2019;664:724–36.

 90. Herrera-Estrada JE, Diffenbaugh NS, Wagner F, Craft A, 
Sheffield J. Response of electricity sector air pollution emissions 
to drought conditions in the western United States. Environ Res 
Lett. 2018;13(12): 124032.

 91. Koe LCC, Arellano AF, McGregor JL. Investigating the haze 
transport from 1997 biomass burning in Southeast Asia: Its 
impact upon Singapore. Atmos Environ. 2001;35(15):2723–34.

 92. Yu S, Li P, Wang L, Wang P, Wang S, Chang S, Liu W, Alapaty 
K. Anthropogenic aerosols are a potential cause for migration of 
the summer monsoon rain belt in China. Proceed Nat Acad Sci. 
2016 Apr 19;113(16):E2209-10.

 93. Seinfeld JH, Bretherton C, Carslaw KS, Coe H, DeMott 
PJ, Dunlea EJ, Feingold G, Ghan S, Guenther AB, Kahn R, 
Kraucunas I. Improving our fundamental understanding of the 
role of aerosol− cloud interactions in the climate system. Proceed 
Nat Acad Sci. 2016 May 24;113(21):5781-90.

 94. Yu K, D’Odorico P, Bhattachan A, Okin GS, Evan AT. Dust-
rainfall feedback in West African Sahel. Geophys Res Lett. 
2015;42(18):7563–71.

 95. Fan J, Rosenfeld D, Ding Y, Leung LR, Li Z. Potential aerosol 
indirect effects on atmospheric circulation and radiative forcing 
through deep convection. Geophys Res Lett. 2012 May;39(9).

 96. Xu Y, Lin L. Pattern scaling based projections for precipitation 
and potential evapotranspiration: Sensitivity to composition of 
GHGs and aerosols forcing. Clim Change. 2017;140(3):635–47. 
https:// doi. org/ 10. 1007/ s10584- 016- 1879-7.

 97. Lin L, Gettelman A, Fu Q, Xu Y. Simulated differences in 21st 
century aridity due to different scenarios of greenhouse gases 
and aerosols. Climatic Change. 2018 Feb;146:407-22. https:// 
doi. org/ 10. 1007/ s10584- 016- 1615-3

 98. Lin L, Gettelman A, Xu Y, Fu Q. Simulated responses of terres-
trial aridity to black carbon and sulfate aerosols. Journal of Geo-
physical Research: Atmospheres. 2016;121(2):785–94. https:// 
doi. org/ 10. 1002/ 2015J D0241 00.

 99. Unger N, Zheng Y, Yue X, Harper KL. Mitigation of ozone dam-
age to the world’s land ecosystems by source sector. Nat Clim 
Chang. 2020;10(2):134–7.

 100. Bowman DM, Kolden CA, Abatzoglou JT, Johnston FH, van der 
Werf GR, Flannigan M. Vegetation fires in the Anthropocene. 
Nature Reviews Earth & Environment. 2020;1(10):500–15.

 101. Abatzoglou JT, Williams AP, Barbero R. Global emergence of 
anthropogenic climate change in fire weather indices. Geophys 
Res Lett. 2019;46(1):326–36.

 102. Di Virgilio G, Evans JP, Blake SAP, Armstrong M, Dowdy AJ, 
Sharples J, McRae R. Climate change increases the potential for 
extreme wildfires. Geophys Res Lett. 2019;46:8517–26. https:// 
doi. org/ 10. 1029/ 2019G L0836 99.

 103. Van Der Werf GR, Randerson JT, Giglio L, Van Leeuwen TT, Chen 
Y, Rogers BM, Mu M, Van Marle MJ, Morton DC, Collatz GJ, 
Yokelson RJ. Global fire emissions estimates during 1997–2016. 
Earth System Science Data. 2017;9(2):697–720.

 104. Lim CY, Hagan DH, Coggon MM, Koss AR, Sekimoto K, de 
Gouw J, Warneke C, Cappa CD, Kroll JH. Secondary organic 
aerosol formation from the laboratory oxidation of biomass 
burning emissions. Atmos Chem Phys. 2019;19(19):12797–809.

 105. Wiedinmyer C, Kimura Y, McDonald-Buller EC, Emmons 
LK, Buchholz RR, Tang W, Seto K, Joseph MB, Barsanti KC, 
Carlton AG, Yokelson R. The Fire Inventory from NCAR ver-
sion 2.5: An updated global fire emissions model for climate 
and chemistry applications. EGUsphere. 2023 Feb 27;2023:1-
45. https:// doi. org/ 10. 5194/ egusp here- 2023- 124.

 106. Su T, Li Z, Li C, Li J, Han W, Shen C, Tan W, Wei J, Guo J. The 
significant impact of aerosol vertical structure on lower atmosphere 
stability and its critical role in aerosol–planetary boundary layer 
(PBL) interactions. Atmos Chem Phys. 2020;20(6):3713–24.

 107. Jiang Y, Yang XQ, Liu X, Qian Y, Zhang K, Wang M, Li F, 
Wang Y, Lu Z. Impacts of wildfire aerosols on global energy 
budget and climate: The role of climate feedbacks. J Clim. 
2020;33(8):3351–66. https:// doi. org/ 10. 1175/ JCLI-D- 19- 0572.1.

 108. Liu D, He C, Schwarz JP, Wang X. Lifecycle of light-absorbing 
carbonaceous aerosols in the atmosphere. NPJ climate and 
atmospheric science. 2020;3(1):40.

 109. Gong C, Yue X, Liao H, Ma Y. A humidity-based exposure index 
representing ozone damage effects on vegetation. Environ Res 
Lett. 2021;16(4): 044030.

 110. Radeloff VC, Helmers DP, Kramer HA, Mockrin MH, Alexandre 
PM, Bar-Massada A, Butsic V, Hawbaker TJ, Martinuzzi S, Syphard 
AD, Stewart SI. Rapid growth of the US wildland-urban interface 
raises wildfire risk. Proc Natl Acad Sci. 2018;115(13):3314–9.

 111. Selimovic V, Yokelson RJ, Warneke C, Roberts JM, De Gouw 
J, Reardon J, Griffith DW. Aerosol optical properties and trace 
gas emissions by PAX and OP-FTIR for laboratory-simulated 
western US wildfires during FIREX. Atmos Chem Phys. 
2018;18(4):2929–48.

 112. Hodshire AL, Ramnarine E, Akherati A, Alvarado ML, Farmer 
DK, Jathar SH, Kreidenweis SM, Lonsdale CR, Onasch TB, 
Springston SR, Wang J. Dilution impacts on smoke aging: Evi-
dence in Biomass Burning Observation Project (BBOP) data. 
Atmos Chem Phys. 2021;21(9):6839–55.

 113. Kumar A, Pierce RB, Ahmadov R, Pereira G, Freitas S, Grell 
G, Schmidt C, Lenzen A, Schwarz JP, Perring AE, Katich 
JM. Simulating wildfire emissions and plume rise using geo-
stationary satellite fire radiative power measurements: A case 
study of the 2019 Williams Flats fire. Atmos Chem Phys. 
2022;22(15):10195–219.

 114. Tang W, Emmons LK, Buchholz RR, Wiedinmyer C, Schwantes 
RH, He C, Kumar R, Pfister GG, Worden HM, Hornbrook RS, 
Apel EC. Effects of fire diurnal variation and plume rise on US 
Air quality during FIREX‐AQ and WE‐CAN Based on the multi‐
scale infrastructure for chemistry and aerosols (MUSICAv0). J 
Geophys Res: Atmos. 2022 Aug 27;127(16):e2022JD036650.

 115. Warneke C, Schwarz JP, Dibb J, Kalashnikova O, Frost G, Al‐
Saad J, Brown SS, Brewer WA, Soja A, Seidel FC, Washenfelder 
RA. Fire influence on regional to global Environments and 
air quality (FIREX‐AQ). J Geophys Res: Atmos. 2023 Jan 
27;128(2):e2022JD037758.

 116. Perkins SE, Alexander LV. On the measurement of heat waves. 
J Clim. 2013;26(13):4500–17.

 117. Mazdiyasni O, AghaKouchak A, Davis SJ, Madadgar S, Mehran A, 
Ragno E, Sadegh M, Sengupta A, Ghosh S, Dhanya CT, Niknejad 
M. Increasing probability of mortality during Indian heat waves. Sci 
Adv. 2017;3(6): e1700066.

 118. Stillman JH. Heat waves, the new normal: Summertime tem-
perature extremes will impact animals, ecosystems, and human 
communities. Physiology. 2019;34(2):86–100.

 119. Perkins-Kirkpatrick SE, Lewis SC. Increasing trends in regional 
heatwaves. Nat Commun. 2020;11(1):3357.

 120. Dosio A, Mentaschi L, Fischer EM, Wyser K. Extreme heat 
waves under 1.5 C and 2 C global warming. Environ Res Lett. 
2018 Apr 25;13(5):054006.

 121. Xu Y, Wu X, Kumar R, Barth M, Diao C, Gao M, Lin L, 
Jones B, Meehl GA. Substantial increase in the joint occur-
rence and human exposure of heatwave and high‐PM hazards 
over South Asia in the mid‐21st century. Agu Advances. 2020 
Jun;1(2):e2019AV000103.

 122.• Libonati R, Geirinhas JL, Silva PS, Russo A, Rodrigues JA, Belém 
LB, Nogueira J, Roque FO, DaCamara CC, Nunes AM, Marengo 

https://doi.org/10.1007/s10584-016-1879-7
https://doi.org/10.1007/s10584-016-1615-3
https://doi.org/10.1007/s10584-016-1615-3
https://doi.org/10.1002/2015JD024100
https://doi.org/10.1002/2015JD024100
https://doi.org/10.1029/2019GL083699
https://doi.org/10.1029/2019GL083699
https://doi.org/10.5194/egusphere-2023-124
https://doi.org/10.1175/JCLI-D-19-0572.1


Current Pollution Reports 

JA. Assessing the role of compound drought and heatwave events 
on unprecedented 2020 wildfires in the Pantanal. Environ Res Lett. 
2022 Jan 6;17(1):015005. This article highlights the importance 
of compound drought and heatwave events.

 123. Churkina G, Kuik F, Bonn B, Lauer A, Grote R, Tomiak K, 
Butler TM. Effect of VOC emissions from vegetation on air 
quality in Berlin during a heatwave. Environ Sci Technol. 
2017;51(11):6120–30.

 124. Wang H, Wu K, Liu Y, Sheng B, Lu X, He Y, Xie J, Wang H, 
Fan S. Role of heat wave‐induced biogenic VOC enhancements 
in persistent ozone episodes formation in Pearl River Delta. J 
Geophys Res: Atmos. 2021 Jun 27;126(12):e2020JD034317.

 125. Pu X, Wang TJ, Huang X, Melas D, Zanis P, Papanastasiou DK, 
Poupkou A. Enhanced surface ozone during the heat wave of 
2013 in Yangtze River Delta region, China. Sci Total Environ. 
2017;603:807–16.

 126. Schnell JL, Prather MJ. Co-occurrence of extremes in surface 
ozone, particulate matter, and temperature over eastern North 
America. Proc Natl Acad Sci. 2017;114(11):2854–9.

 127. Meehl GA, Tebaldi C, Tilmes S, Lamarque JF, Bates S, Pendergrass 
A, Lombardozzi D. Future heat waves and surface ozone. Environ 
Res Lett. 2018;13(6): 064004.

 128. Ma M, Gao Y, Wang Y, Zhang S, Leung LR, Liu C, Wang S, 
Zhao B, Chang X, Su H, Zhang T, Sheng L, Yao X, Gao H. 
Substantial ozone enhancement over the North China Plain from 
increased biogenic emissions due to heat waves and land cover in 
summer 2017. Atmos Chem Phys. 2019;19:12195–207. https:// 
doi. org/ 10. 5194/ acp- 19- 12195- 2019.

 129. Ye L, Shi K, Xin Z, Wang C, Zhang C. Compound droughts and 
heat waves in China. Sustainability. 2019;11(12):3270.

 130. Lansu EM, van Heerwaarden CC, Stegehuis AI, Teuling AJ. 
Atmospheric aridity and apparent soil moisture drought in Euro-
pean forest during heat waves. Geophys Res Lett. 2020 Mar 
28;47(6):e2020GL087091.

 131. Zhao L, Oppenheimer M, Zhu Q, Baldwin JW, Ebi KL, Bou-Zeid 
E, Guan K, Liu X. Interactions between urban heat islands and 
heat waves. Environ Res Lett. 2018 Feb 16;13(3):034003.

 132. Mann ME, Rahmstorf S, Kornhuber K, Steinman BA, Miller 
SK, Coumou D. Influence of anthropogenic climate change on 
planetary wave resonance and extreme weather events. Sci Rep. 
2017;7(1):1–12.

 133.• Wang Y, Le T, Chen G, Yung YL, Su H, Seinfeld JH, Jiang JH. 
Reduced European aerosol emissions suppress winter extremes 
over northern Eurasia. Nat Clim Change. 2020 Mar 2;10(3):225-
30. This article provides new knowledge of aerosol interac-
tion with winter extremes.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.5194/acp-19-12195-2019
https://doi.org/10.5194/acp-19-12195-2019

	Air Pollution Interactions with Weather and Climate Extremes: Current Knowledge, Gaps, and Future Directions
	Abstract
	Purpose of Review 
	Recent Findings 
	Summary 

	Introduction
	Air Pollution and Extreme Precipitation
	Mechanisms of Interactions
	Gaps and Future Directions

	Air Pollution and Floods
	Mechanisms of Interactions
	Gaps and Future Directions

	Air Pollution and Droughts
	Mechanisms of Interactions
	Gaps and Future Directions

	Air Pollution and Wildfires
	Mechanisms of Interactions
	Gaps and Future Directions

	Air Pollution and Heat Waves
	Mechanisms of Interactions
	Gaps and Future Directions

	Conclusions
	References


