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Urbanization is an ongoing global phenomenon as more and more people are moving
from rural to urban areas for better employment opportunities and a higher standard of
living, leading to the growth of megacities, broadly defined as urban agglomeration with
more than 10 million inhabitants. Intense activities in megacities induce high levels of air
pollutants in the atmosphere that harm human health, cause regional haze and acid
deposition, damage crops, influence air quality in regions far from the megacity
sources, and contribute to climate change. Since the Great London Smog and the first
recognized episode of Los Angeles photochemical smog seventy years ago, substantial
progress has been made in improving the scientific understanding of air pollution and in
developing emissions reduction technologies. However, much remains to be
understood about the complex processes of atmospheric oxidation mechanisms; the
formation and evolution of secondary particles, especially those containing organic
species; and the influence of emerging emissions sources and changing climate on air
quality and health. While air quality has substantially improved in megacities in
developed regions and some in the developing regions, many still suffer from severe air
pollution. Strong regional and international collaboration in data collection and
assessment will be beneficial in strengthening the capacity. This article provides an
overview of the sources of emissions in megacities, atmospheric physicochemical
processes, air quality trends and management in a few megacities, and the impacts on
health and climate. The challenges and opportunities facing megacities due to
lockdown during the COVID-19 pandemic is also discussed.

Introduction

Megacities (metropolitan areas with populations over 10 million) present a major
global environmental challenge. Rapid population growth, unsustainable urban
development, and increased energy demand by transportation, industrial,
commercial, and residential activities, have led to large amounts of emissions to
the atmosphere that subject the residents to the health risks associated with
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harmful pollutants, and impose heavy economic and social costs. The dispersion
of pollutants generated locally causes regional haze and acid deposition, damages
crops and changes in the Earth’s radiative balance. Long-range transport of
pollutants influences air quality in regions far from the megacity sources.
However, as centers of economic growth, scientific advancement, technology
innovation, and social and cultural activities, well-planned and densely populated
urban centers can take advantage of the benefits of agglomeration by providing
proximity to urban infrastructure and services and optimizing energy consump-
tion, thus reducing atmospheric pollution and creating sustainable livable cities
for the residents."” This is especially critical as the phenomenon of urbanization
continues in almost all countries across the world.

In 1970, only 37% of the world’s population lived in urban areas; this increased
to 55% by 2018 and is projected to increase to 68% by 2030, with almost 90% of
the growth happening in Asia and Africa,** as shown in Fig. 1. In 2018, about 23%
of the world’s population lived in 550 cities with at least 1 million inhabitants, of
which 50 cities had populations between 5 million and 10 million, and 33 cities
had more than 10 million inhabitants (loosely defined as megacities). The world
is projected to have 43 megacities (representing 8.8% of the global population of
8.5 billion) by 2030, with most of them located in developing countries,® many are
facing the challenge of growing their economies and managing the environment
to provide better quality of life and cleaner and breathable air for the population.
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Fig. 1 Evolution of megacities, showing percentage urban and urban agglomeration by
size (adapted from the UN World Urbanization Prospect, 2018 revision).*
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Activities from megacities are responsible for the emissions of primary pollut-
ants, including gaseous species such as volatile organic compounds (VOCs),
nitrogen oxides (NO,), carbon monoxide (CO), sulfur dioxide (SO,), ammonia (NH;)
and air toxins (e.g., benzene, 1,3-butadiene), some of which contribute to the
formation of secondary pollutants such as ozone (O3) and secondary aerosols; semi-
volatile species (e.g., polycyclic aromatics, dioxins, furans); particulate matter (e.g.,
combustion soot, dust); and metals (e.g, lead, mercury). Despite the large amount
of research that has been conducted, including air quality monitoring, field
measurements and modeling studies, the sources and processes of emissions
generated in megacities that lead to high concentrations of major pollutants such
as ozone and secondary particulate matter, are still not well understood, thus
limiting our ability to mitigate air pollution and make air quality forecasts to alert
the residents of potentially unhealthy air pollution episodes.

This article will provide an overview on the sources of emissions in megacities,
atmospheric physicochemical processes, air quality trends and management
programs in a few megacities, and the impacts on health and climate change. The
final section describes the challenges and opportunities facing the megacities due
to lockdown during the COVID-19 pandemic. There is a very large volume of
literature articles and topics related to megacities, this article will not be able to
cover all of them, but will present the main ideas and include references where
more information is available.

Sources of emissions in megacities

Emissions from megacities are caused by a wide variety of anthropogenic and
natural sources. The major anthropogenic sources include: (i) mobile sources: on-
road vehicles such as passenger cars, commercial buses and trucks, motorcycles
and three-wheelers; non-road vehicles such as aircraft, marine vessels, construction
and agricultural equipment; (ii) stationary sources such as factories, refineries,
boilers and power plants; and (iii) area sources: small-scale industrial, commercial
and service operations; municipal solid waste facilities/landfills and wastewater
treatment plants; consumer products; residential heating/cooling and fuel use;
construction activities; mining operations; agricultural activities and confined
animal feeding operations. Natural (biogenic) sources include vegetation, wind-
blown soils, volcanoes, lightning, forest and grassland fires, and sea salt spray.

The following sections provide an overview of some of the major sources and
control strategies.

Transportation

In many megacities and large urban centers around the world, emissions from the
transportation sector are a major source of air pollution.">* The combustion of
fossil fuels from mobile sources are responsible for large emissions of particulate
matter composed of black carbon, organic carbon and other inorganic compo-
nents, CO,, CO, NO,, VOCs and air toxics. The emissions contributions from
mobile sources may vary widely among the megacities, depending on the tech-
nical characteristics of the vehicle fleet, the quality of the fuels consumed, the
level of local development and intensity of economic activities, and the volume of
vehicular travel.
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Several megacities have implemented measures to reduce emissions from on-
road vehicles, including improvement of vehicle technology and fuel quality,
implementation of strict international vehicle emission standards, replacement
of diesel with natural gas, and introduction of hybrid and electric vehicles. Some
megacities have introduced more efficient mobility through a number of strate-
gies, such as improving the efficiency and security of the public transportation
network to encourage use of public transit, expanding infrastructure for non-
motorized transportation (walking and cycling); reducing traffic congestion by
limiting the circulation of vehicles (e.g., “No drive day” in Mexico and many
megacities) (SEDEMA, http://www.aire.cdmx.gob.mx) and road pricing (e.g,
London) (https://tfl.gov.uk/modes/driving/congestion-charge).

In the last decades, technological advances have been responsible for signifi-
cant changes observed in the energy performance, fuel efficiency, and emissions
reductions of vehicle fleets (https://ww2.arb.ca.gov/). Few other polluting sources
have been so dramatically affected by improvements in emission control tech-
nology as motor vehicles. As a result of the technological and regulatory measures
implemented, many megacities with high vehicle turnover or retrofit rates have
experienced overall vehicle emission reductions despite large increases in fleet
size, particularly for gasoline-powered vehicles. However, reductions of emissions
from some megacities in developing countries have been more difficult to ach-
ieve, partly due to limited access to economic instruments that promote the
acquisition of emission control technologies and fleet turnover programs.
Reducing transport-related emissions will continue to present a challenge with
growing urban population and transportation demand for both people and
freight. It is important to integrate land-use planning, infrastructure development
and transportation management in the design of policy options.

In addition to on-road vehicles, non-road vehicles such as agricultural and
construction equipment can substantially contribute to emissions of particulate
matter, CO,, CO, NO, and VOCs. In contrast to on-road vehicles, there is no
regulation on the emissions levels for in-use non-road vehicles and they are often
kept in service for several decades. Their relative emissions contributions
increase over time as emissions from on-road vehicles continue to be reduced by
advanced technologies.®®

Industry

Stationary sources such as factories, refineries, and power plants, are large
emitters of SO,, PM, CO,, and NO,. Some cities have enacted measures to regulate
emissions from industrial facilities, such as reducing coal consumption and
emissions in Chinese megacities by implementing a “coal to gas” strategy and end
of pipe programs (dedusting, desulfurization and denitrification) for industries;
restricting use of cleaner coal in coal-fired power plants in Indian megacities;
substitution of fuel oil for natural gas in Mexico City. Some cities, such as Los
Angeles and Mexico City, have relocated large stationary emission sources,
including refinery and power plants, out of the city.*®

Area sources

Area sources, although they may not emit very much individually due to their
small size, when added together, they account for significant contributions of PM,
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CO,, VOCs, NH;, SO, and hazardous air pollutants (air toxics) (https://
www.epa.gov/urban-air-toxics/area-sources-urban-air-toxics). In contrast to large
stationary sources, area sources are in general, required to meet less stringent
emissions limits. Many micro industries are in the informal industry sector,
which are not effectively regulated; they are too small and there are too many to be
inventoried, contributing to one of the largest uncertainties in emission
estimates.

Municipal solid waste (MSW) is the third largest source of global anthropo-
genic methane emissions, generating about 800 million tons of CO,¢q annually;*
it is also a significant source of black carbon and CO,. Many cities have recycling
and waste separation programmes - some are converting organic waste into
compost. Landfill is the most widespread method for final waste disposal, fol-
lowed by capturing of the landfill gas for power generation as part of the inte-
grated waste management program. Many megacities, with large urban
populations, are host to some of the world’s largest landfills. Along with urban
population growth, the amount of solid waste generated in megacities is expected
to continue to increase, which will pose a major challenge for MSW management.

The use of solid fuels for cooking and heating continues to be a major source
of emissions with adverse health effects. Some cities are promoting the use of
cleaner fuel, such as liquefied petroleum gas (LPG). However, emissions from LPG
leakage in homes, businesses and during distribution can contribute to
substantial emissions of VOCs (mainly propane and butane), as shown in Mexico
City.""> Many cities are promoting energy efficiency programs for public and
private buildings, including incentives for using renewable-energy technologies,
such as solar heating systems and solar water heaters.

As the emissions of urban VOCs from transport-related sources have decreased
due to technological advances and regulatory measures, volatile chemical prod-
ucts (VCPs) from sources such as consumer products (personal care and house-
hold products), aerosol coating, painting, solvent use and pesticides have gained
in importance. A study by McDonald et al.** found that VCPs have emerged as the
largest photochemical source of urban organic emissions, highlighting the need
for regulatory actions to control the sources.

In some megacities, especially in developing regions, the agricultural sector is
a large source of emissions, generated from raising domestic animals, operation
of heavy-duty farming machinery, application of nitrogen based fertilizers and
chemical pesticides, and burning of crop residues. Agriculture has evolved as
a major source of global ammonia emissions. Enteric fermentation from rumi-
nant livestock is one of the largest sources of methane; numerous studies are
underway to mitigate the enteric methane production as well as livestock manure
management.'®

Biomass burning

Biomass burning is one of the largest sources of trace gases and aerosols emitted
to the global atmosphere and is the dominant source for black carbon and
primary organic aerosols.” Aerosols emitted by biomass burning significantly
alter regional and global radiation balance and affect cloud properties and
precipitation.”>™” Fire smoke is also a major source of greenhouse gases,
including CO,, CH,, and nitrous oxide (N,O). Other emitted pollutants include
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CO, volatile, semi-volatile, and nonvolatile organic compounds, NO,, NH3, HCN
and HONO.

There are many sources and fire types related to biomass burning emissions;
some are natural sources such as forest fires, while others, such as emissions
from burning of crop residue, municipal solid waste, residential wood burning for
cooking and heating, and biofuel for brick production, are the result of human
activities. Different approaches have been used to estimate emission factors for
biomass burning, including direct measurements over fires in field experi-
ments,"® aircraft measurements,*** and laboratory measurements.”® Andreae
and Merlet** compiled emission factors for about 100 trace-gases and aerosols
emitted from burning of savannas and grasslands, tropical forest, extratropical
forest, domestic biofuel, and agricultural waste burning. The compilation was
updated by Andreae™ to include the number of species and the burning types.
Akagi et al.*® have also compiled emission factors for open and domestic biomass
burning for use in atmospheric models.

In spite of the significant progress in emission factor measurements, detection
and quantification of fires, there is still a need to improve the accuracy in the
activity estimates, both for open burning and biofuel use. Once released, the gas
and particle emissions undergo substantial chemical processing in the atmo-
sphere. In some cases, this processing may lead to compounds that are more
detrimental to human health. In the case of wildfires, some of the large number of
compounds from fire smoke are not found in a typical urban atmosphere; more
research is needed to better understand the chemical processes forming
secondary pollutants,*® especially as smoke plumes are transported into urban
population centers.”

Agricultural residue burning has been a common practice in many regions
around the world to control pests and weeds and to prepare the land for the next
crop, which releases a large amount of aerosols and trace gases to the atmo-
sphere.'***** In some countries in South America, e.g., Argentina and Brazil, the
burning of stubble has decreased substantially due to investment in direct dril-
ling, known as no-till, which seeds into untilled soil without removing stubble;
restrictions on burning; and the use of machinery for harvesting.'® Prescribed
burning is an important forest management tool to reduce fuel loading and
improve ecosystem health. Most of the burning tends to occur in the non-summer
months and is a major source of combustion products to the atmosphere.
Wildland fires are a natural occurrence (but often caused by arson and deliberate
clearing of rain forest); they are a critical part of ecosystems. However, the area
burned in recent years has markedly increased, as demonstrated by the fires in
the Amazon, Indonesia, and the western USA. Several studies have documented
the importance of climate change on the increasing frequency and size of fires in
the western USA, especially in California. A warmer and drier climate is expected
to lead to more frequent and more intense fires near or within populated
areas.”” >

Many megacities in developing countries still use biomass and fossil fuels
(wood, agricultural wastes, charcoal, coal and dung) for residential and industrial
cooking and heating; these are a major source of several gases and fine particles
in developing countries, and in the wintertime in developed regions.'®>*3°
Another important source is open garbage burning, which occurs not only in
rural, but also in urban areas, especially in cities that do not have adequate solid
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waste disposal facilities such as landfills.” In some cities, small scale brick
production is an important source of urban pollution because of the burning of
high polluting fuels such as wood, coal and dung, emitting significant levels of
black carbon, organic carbon and other pollutants.>*-*

The chemical composition of biomass burning particles shows a wide variety
of organic compounds, fragments, and functional groups,”**** in addition to the
classic tracer levoglucosan.*® Recent work shows the important contribution of
secondary organic aerosol to biomass emissions.’” Health effects of biomass
burning, similar to hydrocarbon burning, has been shown to include carcino-
genic compounds in varying amounts depending on fuel, burning conditions,
and secondary contributions.

Fireworks

Other sources that are important contributors to seasonal emissions in some
megacities include fireworks, which are traditionally displayed to celebrate New
Year’s Day around the world, Diwali in India and Spring Festival (Lunar New Year)
in China, as well as national holidays such as Bastille day in France, Indepen-
dence Day in the USA. Li et al.*® identified five different types of particles (fire-
works’ metal, ash, dust, organic carbon-sulfate, and biomass burning) as primary
emissions from firework displays in Nanning, China during Chinese New Year.
Retama et al.*® detected large amounts of K*, Cl~, SO,>~, biomass burning and
semi-volatile oxygenated organic aerosol, as well as trace gases such as SO,, NO,,
CO and HONO during a Christmas Eve and New Year’s Eve fireworks display in
Mexico City. Chen et al.** also investigated a July 4™ fireworks display in the South
Coast Air Basin and found unusual trace organic fragments, nitrate, ammonium,
sulfate, and alcohol groups, at submicron mass persisted for five days after
emission. The bursting of firecrackers and fireworks displays substantially
increase the particle pollution leading to some countries (e.g., India) restricting
their sales and use. Yao et al.* reported significant air quality and public health
improvement in Shanghai during the Spring Festival from 2013 to 2017 after the
government imposed restrictions on the use of fireworks.

Atmospheric physicochemical processes in
megacities

Air quality in megacities is strongly influenced by several factors, including
geographical location, demography, meteorology, atmospheric processes and the
level of industrialization and socioeconomic development. Since the 1952 London
killer fog episode and the discovery of Los Angeles smog in the late 1940s,
important progress has been made in the last few decades in understanding the
sources of emissions and the atmospheric processes contributing to pollution
episodes and how best to control them. Exposure to smoke from burning sulfur-
rich coal was correlated with sickness and death during weather-induced pollu-
tion episodes in London. The UK Parliament responded by passing a Clean Air Act
in 1956,* which restricted the burning of coal and provided incentives for fuel
switching. While coal-related air pollution has improved in some cities, using
cleaner coal with low-sulfur content and emission control technologies (e.g.,
baghouses), coal-burning power plants remain one of the largest contributors of
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SO, and co-emitted pollutants, including NO,, PM and CO, in some regions of the
world, especially in emerging economies in Asia.*

In the early 1950s, Arie Haagen-Smit and his coworkers discovered the nature
and causes of Los Angeles smog: principally that a major component of smog is
O; formed by NO,, (produced by combustion sources, cars, heaters, etc.) and VOCs
(from evaporation of gasoline and solvents, etc.) in a complex series of chemical
reactions that also produce other oxidants and secondary aerosols.** They also
reported that synthetic polluted air exposed to sunlight could cause plant damage
observed by Middleton et al.** Since then, high O; levels have been observed in
many urban areas throughout the world, and photochemical smog - induced
primarily from transport and industrial activities - is now recognized as a major
persistent environmental problem and a priority research area for atmospheric
scientists.

Fig. 2 shows an overview of our current understanding of the complex physi-
cochemical processes taking place in the atmosphere.

Gas phase chemistry

Gaseous pollutants (e.g., SO,, NO,, CO, CH,, CO,, VOCs, etc.) are emitted from
both anthropogenic and natural sources. Anthropogenic sources are associated
with human activities such as transportation, solvent consumption, and indus-
trial emissions. Natural processes occurring in vegetation, soils, marine ecosys-
tems, volcanos, biomass burning, animals, lightning, etc., also result in emissions
of these pollutants. Biological sources are a subset of natural sources and include
predominantly those of microbial activities in soils and vegetation. Emitted
gaseous pollutants are subsequently oxidized by ambient free radicals including
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Fig. 2 Overview of atmospheric physicochemical processes. The red boxes highlight the
complexities, nonlinearities and uncertainties. Primary emissions are denoted by red
arrows and secondary reactions are denoted by black arrows (adapted from Kroll et al.*%).
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OH, Os, peroxy radicals (RO,), and NO;z;. OH is mainly produced by the UV-
photolysis of O; and is the most important radical because it reacts with most
atmospheric species leading to oxidation reactions that produce O; and
secondary aerosols (SOA, sulfates, and nitrates) in the troposphere. The products
and by-products of these oxidation reactions depend not only on the compound
being oxidized, but also on the concentrations of other species that may affect this
oxidation chemistry.**->°

In urban environments, there are many VOC sources of anthropogenic and
biogenic origin. VOC oxidation initiated by OH during the daytime produces
a number of organic products of oxygenated functional groups, such as aldehyde,
ketone, alcohol, carboxylic acid, hydroperoxide, percarboxylic acid, and perox-
yacyl nitrate groups.®>* The relative abundance of these products depends on the
VOC structure, the NO, level, temperature, relative humidity (RH), and the solar
intensity. Some compounds formed in the first oxidation step undergo additional
oxidation reactions to yield multi-functional groups, and the resulting multi-
generations of products are of lower volatility and higher solubility in compar-
ison with their parent compounds.

NO, plays an important role in determining the fate of peroxy radical inter-
mediates (HO, and RO,). Under relatively clean (low-NO) conditions, peroxy
radicals will react with other peroxy radicals or (in the case of RO,) will isomerize;
under polluted urban conditions, peroxy radicals will react with NO, forming NO,,
which rapidly photolyzes in the daytime, producing O;.** However, the ambient
levels of OH, HO,, and RO, radicals not only depend on NO, but also simulta-
neously on the VOC abundance and VOC reactivity. This dual NO, and VOC-
reactivity dependency ultimately controls the chemical regimes of O3 production.
Therefore, successful emission control policies strongly depend on determining
the chemical regimes of O; production.

The sensitivity of O; production to changes in concentrations of precursor
VOCs and NO, is complex and nonlinear.***** Under high VOC concentrations and
low NO, concentrations, O; production rates increase with increasing NO
concentrations (NO, limited) due to increases of NO, through reactions of NO and
peroxy radicals. But at higher NO,, O; production rates decrease with increasing
NO, (NO, saturated) due to OH and NO, termination reactions that form HNO;
and alkyl nitrates. The additional NO, also serves as a sink for OH radicals,
slowing down the oxidation of VOCs and suppressing O; production. NO, can also
sequester O3 in temporary reservoirs such as NO, and N,Os; in these conditions,
lower NO, emissions can lead to higher O; concentrations. This result could
suggest that Oz production in polluted urban areas, as is the case in many
megacities, may be in the NO, saturated regime.**** However, recent studies
indicate that O; production can have marked spatially different chemical regimes
within megacities due to the heterogeneous distribution of VOC and NO, sources,
VOC reactivity, and meteorological conditions.****

During the night-time, the oxidation of NO via O; and organic radicals has two
main effects: it depletes night-time Oj; levels and accumulates NO, and NO; radicals
that subsequently form N,05 and HNO; through heterogeneous reactions.® This
condition increases the early morning NO,/NO ratios and affects O; production
during the next day by increasing the contribution of excited oxygen atoms via NO,
photolysis. The accumulated NO, and nitrate can also form HONO through surface-
catalyzed reactions,® further impacting the accumulation of free radicals.
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Particulate matter

Particulate matter (PM) can be emitted directly from anthropogenic sources such
as factories, power plants, automobiles, diesel engines, construction sites,
unpaved roads, fires, etc. Natural sources of PM include sea salt, dust, pollen,
volcanic eruptions, etc. Others form in complex reactions in the atmosphere of
gaseous chemicals, such as VOCs, SO, and NO, that are emitted from power
plants, industries and automobiles, as described above. The most important PM
is the “inhalable coarse particles” with diameters 10 pm and smaller (PM;,), and
“fine particles” with diameters 2.5 pm and smaller (PM, 5). PM;, are generated
mainly by road traffic, agriculture, and mining, while PM, s are primary
combustion particles or are formed as secondary pollutants. PM, s are more
harmful to health because they can get deep into the lung. PM, s are also
responsible for visibility impairment. PM, ;5 and PM,, are regulated by USA clean
air standards because of their known association with degraded visibility and
detrimental health effects (US Clean Air Act, https://www.epa.gov/laws-
regulations/summary-clean-air-act).***¢ While the widespread availability of
PM, s measurements often make it the best proxy for epidemiological studies of
populations, physiological studies of health effects have shown that the causes of
cell degradation are most likely from specific toxic compounds, which are also
regulated and include such compounds as polycyclic aromatic hydrocarbons
(PAHSs) that are associated with fossil fuel combustion and black carbon.

The abundance and chemical constituents of PM, 5 vary considerably in urban
cities, depending on the complex interplay between meteorology, emissions, and
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Fig. 3 Non-refractory submicron composition measured in urban and urban outflow
regions from field measurements, all in units of pg m~> at standard temperature (273 K)
and pressure (1013 hPa) (adapted from Nault et al.®°).
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chemical processes.®”*® Fig. 3 shows the average measured chemical composition
of submicron PM (PM,), which typically comprises most of the PM, 5 for various
megacities, urban areas, and outflow regions around the world.*® A substantial
fraction of urban PM; is organic aerosol (OA), which is composed of primary OA
(POA, organic compounds emitted directly in the particle phase) and secondary
OA (SOA, formed from chemical reactions of precursor organic gases). SOA is
typically a factor of 2 to 3 higher than POA for these locations.

More recently, ultrafine particles (UFP, particles with diameter 0.1 pm or less)
have become increasingly important in urban air because they are produced
predominantly from local combustion processes with major contributions from
vehicular exhaust and new particle formation (NPF) in cities.”®”* Particles that are
smaller than 1 pm have both longer lifetimes and higher probability of penetra-
tion into alveolar sacs in the lungs, and even smaller “nanoparticles” (<100 nm in
diameter) have been shown to have some of the most toxic exposures. Recent
evidence suggests that nanoparticles and transition metals, which are also
associated with fossil fuel combustion, may play an important role.”*”®

Currently, particle mass concentration has been used for regulatory air quality
standards. However, this metric accounts mainly for larger particles with larger
mass, while particle number concentration (PNC) has been used as a metric for
UFP, which are smaller with little mass. de Jesus et al.®*® evaluated the hourly
average PNC and PM, ;5 from 10 cities over a 12 month period and observed
a relatively weak relationship between the two metrics, suggesting that control
measures aiming to reduce PM, 5 do not necessarily reduce PNC. It is important
to monitor both PM, 5 and UFP for health impact assessment.

For developing effective pollution control strategies and exposure risk
assessment, it is necessary to know the contribution of the various sources of
pollutants. Several techniques have been used in source apportionment studies of
PM, including chemical mass balance (CMB) and positive matrix factorization
(PMF) analysis on filter-based chemical speciation data, carbon mass balance
modeling of filter-based radiocarbon (**C) data, aerosol mass spectrometry or
aerosol chemical speciation monitoring coupled with PMF. While significant
progress has been made in evaluating the sources of pollutants, some sources
remain poorly characterized, such as food cooking and open trash burning (see
e.g., Molina et al.®* for Mexico City).

Pandis et al® investigated the PM pollution in five cities (Athens, Paris,
Pittsburg, Los Angeles and Mexico City) and found that reductions of emissions
from industrial and transportation related sources have led to significant
improvements in air quality in all five cities; however, other sources such as
cooking, residential and agricultural biomass burning contribute an increasing
share of the PM concentrations. These changes highlight the importance of
secondary PM and the role of atmospheric chemical processes, which complicate
the source apportionment analysis. Xu et al. (DOIL 10.1039/DOFD00095G) evalu-
ated the fine OC and PM, ;5 in Beijing using different methods (CMB, PMF and
AMS/ACSM-PMF) and found that the fine particles were mainly secondary inor-
ganic aerosols, primary coal combustion and biomass burning emissions.
Although there are some consistencies, modeled contributions for several sources
differed significantly between the different methods, particularly for cooking
aerosols.
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New particle formation

New particle formation (NPF) has been observed under diverse environmental
conditions and accounts globally for about 50% of the aerosol population in the
troposphere.®* NPF occurs in two distinct stages.®® The first step involves the
formation of a critical nucleus during the transformation from vapor to liquid or
solid. The second step is the growth of the critical nucleus to a larger size (>1-3
nm) that competes with the removal of newly nucleated nanoparticles by preex-
isting aerosols. Various species have been suggested to account for aerosol
nucleation and growth, including sulfuric acid, organic acids from oxidation of
VOCs, ammonia/amines, and ions.**** However, there is a lack of consistent
mechanisms to explain NPF under diverse atmospheric conditions, especially in
heavily polluted atmosphere of megacities.”>*

Extensive efforts have been made to elucidate the fundamental mechanism
relevant to atmospheric NPF from field measurements, laboratory experiments,
and theoretical calculations. Previous field studies include measurements of
ultrafine particles down to approximately 1 nm in size, gaseous concentrations of
nucleating precursors (such as H,SO,, NH;, and amines), and pre-nucleation
clusters.”>*® Numerous laboratory experiments have been conducted to under-
stand aerosol nucleation.’>”~*° In addition, theoretical investigations of aerosol
nucle