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Abstract Air quality in the world’s most populous cities

(megacities) impacts a sizeable proportion of the global pop-

ulation. Projected population increases in urban areas over the

coming decades underscore the importance of understanding

the sources, variations, and impacts of air pollution. While

some megacities experience episodic extreme events, in

others, extremely degraded air quality is chronic. In this re-

view, we assess recent findings on the impacts of extreme air

pollution, which we define as concentrations exceeding inter-

national guidelines. We highlight recent research on pollution

and growth trends in the most populous megacities. We then

emphasize important new methods for monitoring air pollu-

tion exposure, such as satellite-based estimates, and suggest

future needs, including a more comprehensive understanding

of the health and economic impacts. The primary conclusion

to emerge is that, globally, while the extreme air pollution

burden is highest in megacities in developing countries, sig-

nificant gaps remain in our understanding.
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Introduction

Megacities are defined as urban agglomerations of more than 10

million people and have increased from 10 cities with a total of

153 million people in 1990 to 28 cities with a total of 453

million people in 2014 [1]. By 2030, the total population of

megacities is projected to reach 730 million people in 41 cities

(Fig. 1a) [1], highlighting the urgency to better understand the

influence of these population centers on their surrounding envi-

ronment and the well-being of residents. For example, ambient

(outdoor) air pollution is a leading risk factor according to the

Global Burden of Disease [3] with more than 96% of the global

population in large cities exposed to fine particulate matter

(PM2.5) above World Health Organization (WHO) air quality

standards [4]. While the 30 most populated urban areas account

for 7% of the global burden from ambient air pollution (roughly

equal to population share), several megacities in East and South

Asia have higher per capita effects [5••]. The current knowledge

base of air pollution in megacities is spread across multiple

scales, ranging from global or regional assessments to individ-

ual megacities or specific locations within these cities.

Here, we review the recent literature describing extreme air

pollution (sporadic or chronic) in global megacities. We primar-

ily concentrate on PM2.5 and ozone (O3) but also include re-

search on other relevant pollutants, carbon monoxide (CO), vol-

atile organic compounds (VOCs), and black carbon (BC). We

focus on studies published since 2013 and megacities that are

currently, or projected by 2030, to rank in the top 10 for
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populations of the largest urban agglomerations defined by the

U.N. World Urbanization Prospects. Given an overlap between

the 2 years, this amounts to 13 megacities overall (Fig. 1b).

Global Overview

Recent estimates of the distribution of air quality are useful for

understanding air pollution in megacities from a global

perspective. Figure 2 shows the distribution of satellite-

derived PM2.5 over 2001–2010 (Fig. 1a) and the change in

concentrations between the two timepoints (Fig. 1b) [6, 7••].

From 1998 to 2012, the most prominent trends in monthly

PM2.5 were in the Eastern United States (−0.4 μg/m3/year),

the Arabian Peninsula (0.8 μg/m3/year), South Asia (0.9 μg/

m3/year), and East Asia (0.8 μg/m3/year) [8]. Sources, and the

extent to which they are produced locally or regionally, vary

substantially and are dominated by residential energy usage in

Fig. 1 a Population in the 30 most populous megacities for 2000–2030, with projected 2030 population indicated by darker colors and b% population

change from 2015 to 2030 for the 10 most populous cities in both years (given overlap, this amounts to 13 cities total) [2]
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India, China, and Bangladesh; power generation in the USA;

biomass burning in the tropics; agricultural burning across

Europe and Russia; and dust in North Africa and the Middle

East [5••, 9].

At the global scale, premature mortality estimates for the

past decade range from 1.6–3.3 to 0.1–0.8 million adult deaths

per year from ambient PM2.5 and O3 exposure, respectively

(Table 1) [5••, 9–12]. Over 1998–2012, satellite-based

analysis indicates that global population-weighted PM2.5 has

increased by 0.55 μg/m3, largely driven by increases in East

and South Asia (3.2 and 2.9 %/year) [7••]. Future projections

estimate that the contribution of urban areas (>400 people/

km2) to global mortality from ambient pollution will increase

from 60 to 65 % of the total from 2010 to 2050, driven partly

by population increases but also by higher per capita mortality

attributable to air pollution [5••].

Fig. 2 Global average satellite-derived PM2.5 from 2001 to 2010 (μg/

m3), including dust (top panel) and the change from 2001 to 2010 (bottom

panel). 2001 and 2010 estimates were selected from datasets as the center

of a 3-year average (2000–2002 for 2001) [6, 7••]. Most populous

megacities (defined for 2015 and 2030 projections) are indicated on the

map
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How to Measure Extremes

We define extremes relative to international and national air

quality standards (Fig. S1). The O3 standard typically refers to

the 8 h maximum because of strong diurnal variability in

concentrations. PM2.5 and PM10 have standards for both

24 h and annual average concentrations. Though not explored

here, air quality indicators are useful for communicating in-

formation to the public [13, 14].

Three primary, and complementary, methods to measure air

pollution are ground-based monitors, satellite-based observa-

tions, and atmospheric models. First, ground-based data offers

detailed air quality information at a point location; station loca-

tions should be optimized to best represent concentrations over

a spatial domain [15]. Satellites can monitor air quality in areas

outside of ground-based monitoring networks, such as in rural

areas and/or developing countries [16]. Recent work has refined

satellite estimates of surface-level PM2.5 (Fig. 2); satellite mea-

surements of aerosol optical depth (AOD), including from

Moderate Resolution Imaging Spectroradiometer (MODIS),

Multi-angle Imaging SpectroRadiometer (MISR), and Sea-

Viewing Wide Field-of-View Sensor (SeaWiFS), are converted

from column observations to surface PM2.5 based on the vertical

profile estimated by a chemical transport model (GEOS-Chem)

[6, 7••, 17]. In addition, new retrieval algorithms estimate

MODIS AOD at a finer spatial resolution, which can help im-

prove the relationship with surface PM2.5 [18]. Finally, atmo-

spheric models are useful for understanding the contribution of

individual sources [5••, 12] and interactions among atmospheric

chemistry and climate [10]. However, the coarse spatial resolu-

tion of some global models can be challenging for estimating

concentrations at smaller spatial scales [19].

Table 1 Recent global estimates

of PM2.5 and O3-related health

impacts for adults ≥30 years.

Causes of death are chronic

obstructive pulmonary disease

(COPD), cardiopulmonary

disease (CPD), cerebrovascular

disease (CeVD), ischemic heart

disease (IHD), cardiovascular

disease (CVD), respiratory

disease (RD), all causes (AC), and

lung cancer (LC)

Study PM2.5 O3 Details

Evans et al. [9] 3.3E6 AC

2.5E6 CPD

1.3E6 IHD

2.2E5 LC

Not studied Satellite based for 2001–2006, not including dust

Silva et al. [10] 2.0E6 CPD

1.5E5 LC

4.7E5 RD Model based for 2000 vs. 1850 (pre-industrial)

Fang et al. [11] 1.5E6 CPD

9.5E4 LC

3.8E5 RD Model based for 2000 vs. 1860 (pre-industrial)

Lelieveld et al. [12] 2.0E6 CVD

1.9E5 LC

7.7E5 RD Model based for ~2005

Lelieveld et al. [5••] 1.1E6 IHD

1.3E6 CeVD

3.7E5 COPD

1.6E5 LC

1.4E5 COPD Model based for ~2010

Table 2 Recent estimates of pollution-related socioeconomic impacts

Study Outcome Pollutant Details

Hanna and Oliva [23] Labor productivity

(hours worked)

Multiple ~20 % decrease in pollution from a refinery closure resulted in a 3.5 %

increase in hours worked per week

Graff Zivin and

Neidell [24••]

Labor productivity

(quality of work)

O3 10 ppb increase of O3 decreases intensive margin productivity of

outdoor workers by 5.5 %

Adhvaryu et al. [25] Labor productivity

(quality of work)

PM2.5 Productivity effects among factory workers in Bangalore and evidence that

management decisions (in particular, task reassignment) may mitigate the effects

Chang et al. [26] Labor productivity

(quality of work)

PM2.5 PM2.5 decreases productivity for indoor workers. Labor cost savings due to

pollution reductions from 1999 to 2008 in the USA is nearly one third of the total

benefit (inclusive of health effects)

Lavy et al. [27] Cognitive performance PM2.5 PM2.5 leads to decreased cognitive performance on the day of exposure. Long-term

consequences by affecting performance on high-stake college admission exams,

leading to lower wages in adulthood

Isen et al. [28••] Earnings and labor force

participation at age 30

TSP Exposure to pollution at birth in the USA is significantly related to lower earnings

and labor force participation at age 30

Bharadwaj et al. [29] Cognitive performance CO Exposure in utero leads to a decrease in test scores 10 years later (in Santiago, Chile)
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Impacts

The main focus of research on impacts has been upon health

outcomes, typically due to long-term exposure to pollution.

New integrated exposure-response models aim to include

higher concentrations of annual PM2.5 as found in Asia and

the Middle East [20]. Individualized exposure assessments for

California adults confirm prior relationships with PM2.5 and

expand on O3 and NO2 effects on premature mortality [21]. In

addition, Farmer et al. [22] reviewed how early-life exposure

(in utero and childhood) can affect cardiopulmonary health

later in life.

Additionally, several economically important sub-clinical

impacts—i.e., not requiring hospitalization or treatment—

have been studied, including labor productivity and cognition

(Table 2). This work has seen rapid development in recent

years due to the increasing availability of high-frequency

and spatially refined pollution data. Effects are both contem-

poraneous, usually short-term responses to daily variations in

exposure, and long-term due to in utero exposure

(see Almond and Currie [30] for a review). The labor studies

find that pollution decreases productivity at both extensive

margin (number of hours) and intensive margin (productivity

while at work). Much of this research is drawn from empirical

studies in developed countries, and estimated costs are sub-

stantial (e.g., Chang et al. [26] estimated labor cost savings

due to pollution reductions from 1999 to 2008 in the USA as

nearly one third of the total benefit). It is likely that costs in

developing countries would be higher, with higher pollution

levels and more people employed in high-risk activities (i.e.,

outdoor work or manufacturing). The impacts on cognition,

both contemporaneously and in utero, suggest that human

capital, an important factor of economic growth and well-be-

ing, is being negatively affected by pollution exposure (also

see Graff Zivin and Neidell [24••]).

Air Pollution in the Most Populous Megacities

In the following sections, we examine air pollution concentra-

tions in the most populous global megacities. In Fig. 3, we

compare maximum daily concentrations (from stations) and

annual average concentrations (from stations and satellites)

with air quality standards. Although these data sources repre-

sent a point measurement versus a citywide average, they are

useful to gauge chronic and episodic extreme pollution.

Megacities differ with regards to their geographic loca-

tion, pollution sources, and development status, but one way

to identify and assess potential strategies to improve air

quality is by examining the factors contributing to current

severe air quality situations with other large cities that have

battled extreme pollution [32]. In developing countries, pol-

lution tends to increase with per capita income (Fig. 4),

driven by increasing manufacturing output and demand for

private transport and electricity [33]. Much of the expected

urban growth is expected in developing countries, places

often associated with comparatively weaker institutional set-

tings to create and enforce strong environmental regulations

and uncertainty about their growth path of megacities. It is

also important to note global and regional factors that con-

tribute to air pollution, like international trade and the move-

ment of manufacturing to low-wage developing countries

(for example, as industry moved from the USA to China,

air quality in the USA improved while it worsened in China)

[34], though technological improvements have also greatly

reduced pollution in advanced economies [35]. The follow-

ing review of studies is organized by country, given the

influence that regional pollution can have on urban air qual-

ity and the transport of pollution from urban areas to a

broader region.
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Fig. 3 a Maximum 24-h PM2.5 concentrations (μg/m3) recorded in

2014 at USA Embassy locations in Mumbai, Delhi (http://newdelhi.

usembassy.gov/airqualitydataemb.html), Shanghai, and Beijing (http://

www.stateair.net/) and USA E.P.A. sites in Los Angeles and New York

(http://www3.epa.gov/airquality/airdata/ad_rep_frmvfem.html).

Measurements provided by the USA Department of State Embassy

locations are not fully verified or validated. Lines correspond to daily

standards (Fig. S1). b Annual average PM2.5 concentrations (μg/m3)

based on stations (for 2014) and satellite data (for 2011) [6, 7••]. Area-

weighted averages are taken over cities, with spatial extents derived from

the GRUMP dataset [31] and restricted to a contiguous area within 0.5°

radius around the UN-specified urban centroid. Lines correspond to

annual standards (Fig. S1)
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China

China’s most populous megacities, Shanghai and Beijing, are

expected to increase from 23.7 to 30.8 million and from 20.4

to 27.7 million, respectively, between 2015 and 2030 [2]. The

relationship between economic development and air quality in

China’s largest cities has followed the inverted-U shape of an

environmental Kuznets curve for the past several decades

[36], with pollution-related mortality highest in the megacities

of Beijing, Shanghai, and the Pearl River area [5••].

Several recent studies have quantified extreme air pollution

across China. For example, Rohde and Muller [37•] compiled

hourly station data from 1500 sites in 2014, finding that

92 % of Eastern China’s population experienced more than

120 h of unhealthy air (>150 μg/m3 PM2.5) with almost no areas

in attainment of US standards (12 μg/m3 annual PM2.5).

Population-weighted average PM2.5 exposure was 52 μg/m3,

corresponding to 1.6 million/deaths per year (17 % of all deaths

in China). For a long-term perspective, analysis of extreme vis-

ibility as a proxy for air pollution shows that the frequency of

good visibility (low pollution) has decreased in all cities since

1960, especially after 1980 in large cities [38]. Despite decreas-

ing visibility, satellite studies in East Asia show the increasing

trend in CO2 emissions outweighing NOx emissions, which sug-

gests cleaner technologies [39]. However, since surface O3 pro-

duction depends on NO2 and VOC emissions and NO2 has de-

creased in Shanghai and Beijing over the past decade, Jin and

Holloway [40] found that O3 production efficiency has increased

as it is no longer characterized by VOC-limited conditions.

In Beijing, several recent studies have analyzed the ex-

treme haze of early 2013. Many of these haze events have

similar vehicular and industrial sources, but different meteo-

rological conditions, including stagnant weather, strong

winds, and temperature inversions [41]. For example, a

January 2013 haze event was mostly driven by surface emis-

sions, but uncontrollable meteorological parameters such as

sustained weak winds, high relative humidity, and a thick

temperature inversion further promoted PM2.5 accumulation

[42]. Beijing and Shanghai had mean daily PM2.5 concentra-

tions during the haze event of 299.2 and 180.8 μg/m3, well

above national and international standards [43]. In addition,

O3 concentrations increased by 2.6 ppb per year over 2005–

2011 despite air pollution control measures, linked to in-

creases in VOC precursors and regional transport [44].

Jacobson et al. [45] studied the impact of urbanization around

Beijing and found that physical changes (including surface

albedo, temperature, and relative humidity) have induced me-

teorological changes which, holding other factors constant,

have decreased PM and NOx and increased O3.

For Shanghai, in addition to the impact of haze events

mentioned previously, hourly surface O3 concentrations from

2010 to 2013 exceeded national standards (Fig. S1) and were

linked to regional VOC transport, enhanced precursor concen-

trations, and industrial sources [46]. O3 production within and

outside of Shanghai is under VOC-limited conditions because

of coal use and wind direction, which is important for

implementing control strategies [47].

Japan

Tokyo is the most populous megacity in the world but is ex-

pected to decrease from 38.0 to 37.2 million from 2015 to

2030. Similarly, Osaka will decline slightly from 20.2 to

20.0 million and will no longer be ranked among the top 10

of global megacities [2]. Despite the large populations, both

megacities have some of the lowest current and projected

levels of mortality from ambient air pollution (Fig. 5) [5••].

India

India contains two megacities ranked within the top 10 and

several others above 10 million. The populations in Delhi and
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Mumbai are expected to increase from 25.7 to 36.1 million

and from 21.0 to 27.8 million, respectively, between 2015 and

2030 [2], along with large increases in air pollution impacts in

the absence of control measures (Fig. 5). The most common

emission sources are vehicles, manufacturing, electricity gen-

eration, construction, road dust, waste burning, household

combustion, and sea salt [48•]. From 2010 to 2011, 111

coal-fired power plants across India contributed to estimated

80,000–115,000 premature deaths and 20 million asthma

cases [49]. Modeling of BC over India has found the impor-

tance of both local and non-local sources in contributing to

concentrations [50], reiterating that air quality is not a solely

local problem and is implicated in regional air pollution

resulting in agricultural yield losses [51].

In Delhi, station-based PM2.5 analysis found 69 % of sam-

ples exceeding 24-h standards [52]. Over 2008–2011, Delhi’s

PM2.5 and PM10 averaged 123 and 208 μg/m3 (above stan-

dards; Fig. S1) [53]. In October 2010, mean PM2.5 and PM10

concentrations were measured at 111 and 238 μg/m3, respec-

tively, and hourly O3 concentrations occasionally above

100 ppb [54]. Marrapu et al. [54] found that multiple emission

sources from transportation, domestic, and industrial catego-

ries contributed to pollution in Delhi but also that pollutant

sources from outside of Delhi contribute significantly to PM

(25 %) and daytime O3 (60 %). Tiwari et al. [55] measured

2010–2011 PM2.5 and confirmed concentrations exceeding

standards, while noting strong variations diurnally, by day of

the week, and with meteorology. Satellite observations of CO,

an important O3 precursor, indicated that Delhi was the only

megacity (out of eight examined) that exhibited an increase

over 2000–2008 [56].

Bangladesh

The population in Dhaka is currently 17.6 million and ranked

11th globally, but with 27.4 million by 2030, it would rank 6th

[2]. MODIS AOD observations show maximum values dur-

ing the pre-monsoon season [57]. There is higher CO, O3, and

CO2 in western Bangladesh because of combined meteorolo-

gy and emission influences but higher NO2 over Dhaka [58].

PM concentrations in Dhaka are much higher than national

air quality standards (15 μg/m3 PM2.5 and 50 μg/m3 PM10),

with mean observed values from 1996 to 2011 of 37 μg/m3

PM2.5 and 98 μg/m3 PM10, dominated by emissions from the

brick kiln industry [59]. Source apportionment studies have

found that in Dhaka, almost 70 % of PM2.5 is from anthropo-

genic sources, with a decline in vehicle emissions over 2010–

2012 likely due to government policies [60]. Implementing

cleaner brick kiln technologies in the Greater Dhaka region

would have an estimated cumulative health cost savings for

2015–2020 between $126 and 234 million [61].

Pakistan

Karachi is expected to grow from 16.6 to 24.8million by 2030

[2]. A recent study based on mobile monitoring from 2007 to

2009 found the highest pollution levels in the winter season.

Although mean monthly CO and O3 were below Pakistan’s

national air quality standards (5 mg/m3 8-h maximum CO and

180 μg/m3 1-h maximum O3), concentrations of CO, O3,

NOx, and hydrocarbons have generally been increasing over

time [62].

Egypt

The population in Cairo is estimated at 18.8 million in 2015

and is expected to rise to 24.5 million by 2030 [2]. Lelieveld

et al. [63] found declines since 2010 in NO2 as measured by

satellite, likely linked to political instability [63]. At longer

time scales, model simulations suggest increasing O3 forma-

tion by 2050 that could push Cairo further above air quality
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Fig. 5 Estimates by Lelieveld et al. [5••] of a annual combined mortality

from PM2.5 and O3 (×103 deaths) in the most populous megacities

(ranked by population) for 2010, 2025, and 2050; b total population;

and c per capita mortality. Future estimates from a BAU growth

scenario that drives changes in both population and emission sources as

described in Lelieveld et al. [5••]. Cities are ranked by highest estimated

mortality for 2050. Note that São Paulo was not included in this analysis
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standards during summer months, including extreme values

above 100 ppb [64].

Nigeria

Lagos is currently ranked outside of the top 10 with 13.1

million but will move to 9th globally with an expected 24.2

million people by 2030 [2]. A recent review lists air pollution

sources from dump sites, open incinerators, power generation,

vehicles, and industry while urging routine monitoring and air

quality standards [65].

Mexico

Mexico City is expected to grow from 21.0 to 23.9 over the

next 15 years [2]. Lei et al. [66] studied the impact of biomass

burning on air quality and found little impact on O3 but more

substantial increases with respect to organic aerosols and ele-

mental carbon. The main contributors to VOC emissions (O3

precursors) were vehicles and solvent-related industrial

sources [67]. Regarding air pollution impacts, differences be-

tween individual exposure estimates and fixed monitoring sta-

tions were assessed with heart rate variability and traffic pol-

lution exposure [68]. A recent analysis of infant mortality and

pollution in Mexico City found that a 1 % increase in annual

PM10 and CO increases infant mortality by 0.4 and 0.3 %,

respectively [69].

Brazil

The population in São Paulo is currently 21.1 million with

expected growth to 23.9 million by 2030 [2]. Over 2010–

2013, there were slight decreases in the contribution of vehicle

emissions to NOx, CO, and PM10, but increases in O3 [70].

Reddington et al. [71] estimated the contribution of defores-

tation to extreme air pollution in the region and found that a

30 % reduction in fire-related PM2.5 prevented 400–1700 pre-

mature adult deaths.

USA

18.6 million people live in New York City, and it is ranked

10th in population among global megacities but will fall to

14th by 2030 with 19.9 million [2]. Data available from the

U.S. E.P.A. show annual average PM2.5 declining from 17

to 9 μg/m3 over 2000–2014 and O3 from 106 to 72 ppb

from 1990 to 2014 (http://www3.epa.gov/airtrends).

However, one recent study has highlighted the importance

of spatial gradients of air pollutants for local air quality

management [72].

Other

Here, we briefly discuss recent studies of megacities in re-

gions underrepresented by the discussion above. As in New

York City, air quality in downtown Los Angeles has improved

with annual average PM2.5 declining from 22 to 12 μg/m3

over 2000–2014 and O3 declining from 115 to 72 ppb from

1990 to 2014 (http://www3.epa.gov/airtrends). Pollack et al.

[73] quantified O3 trends in Los Angeles from 1960 to 2010

and found a decline linked to decreases in VOC emissions.

NOx, an O3 precursor, needs to be more strictly controlled.

VOC emissions in Los Angeles and Paris indicated that

traffic dominates urban anthropogenic emissions, unlike

what emission inventories suggest, which has implications

for accurately modeling CO, aerosols, and O3 [74].

Similarly, a modeling study in Paris found a large

underestimate in organic aerosols in the winter that is missed

by current emission inventories [75]. In Paris, regional sources

contributed 70 % to fine PM, indicating that air quality

improvement must focus on both local and regional sources

[76]. Moscow experienced extreme pollution during August

2010 due to large-scale wildfires in forests and peatlands

around the city [77].

Air Pollution Policy

Air pollution in megacities is a global, regional, and local

issue. The relationship between global climate change and

air pollution, the regional transport of pollutants over long

distances and across political boundaries, and the effective-

ness of pollution reduction policies are all current and future

research areas. Currently, air pollution policies have largely

been enacted at the level of countries or individual cities. In

this section, we provide an overview of policy concerns at

each of these scales, ending with a discussion of policy eval-

uations at local scales.

From a global perspective, there is the potential for sub-

stantial co-benefits from reducing pollutants that contribute

both to degraded air quality and climate change, such as

PM2.5 and O3 [78]. West et al. [79] found that global green-

house gas mitigation would avoid 0.5±0.2 million deaths by

2030 due to PM2.5 and O3 exposure, with the highest co-

benefits (10–70 times the cost) in East Asia. These local health

benefits can offer support for greenhouse gas reduction poli-

cies. However, this can be complicated by competing effects

of different pollutants: for example, sulfate and BC aerosols

have cooling and warming effects on climate, respectively, so

air quality improvements from sulfate reductions can unmask

warming. In addition, reductions of short-lived climate

forcers, such as methane (an O3 precursor) and aerosols may

result in smaller reductions in near-term warming than previ-

ously suggested [80]. Regardless, different mitigation
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scenarios can be evaluated for their combined benefits for

climate, regional temperature and precipitation, and air quality

[81]. Climate change can also impact air pollution, with am-

bient O3 concentrations expected to increase in the USA due

to near-term climate change [82, 83]. Accumulation of pollut-

ants in stagnation events is expected to increase, especially in

India, Mexico, and theWestern United States [84]. For a more

comprehensive discussion of interactions between air quality

and climate change, we direct the reader to recent reviews by

Fiore et al. [85] and Baklanov et al. [86].

Air quality is also a regional issue. Pollution is not confined

to within the boundary of a megacity, instead manymegacities

have more exposure outside than inside of city boundaries

[87]. At broader scales, Anenberg et al. [88] found that 3–

7 % of the health benefits from PM2.5 reductions in major

industrial regions are due to inter-continental pollution trans-

port. Kim et al. [89] used the GEOS-Chem adjoint model to

calculate the sensitivities of population centers to regional fire

sources. One related regional pollution policy is Singapore’s

TransboundaryHaze Pollution Act, which addresses how fires

in Indonesia can degrade air quality throughout Equatorial

Asia [90].

In the following paragraphs, we outline several studies that

evaluate the main types of policies associated with improving

air quality, including direct regulation of emissions, cap and

trade, taxation, congestion pricing, and promotion of mass

transit. Private actions unrelated to policies are often taken to

reduce exposure.

Greenstone and Hanna [91] assessed the impact of India’s

environmental regulations on measured air pollution, finding

substantial air quality improvements with suggestive evidence

that public support for environmental improvements partly

compensates for a weaker institutional setting. Duflo et al.

[92••] offered a promising policy solution to improve moni-

toring and compliance with environmental policies in devel-

oping countries—a system of third party auditors in India

dramatically improved compliance and significantly reduced

pollution.

A number of megacities have pursued driving restrictions

in order to combat both congestion and pollution. Viard and

Fu [93] evaluated a policy in Beijing, finding a decrease in

both PM10 (between 18 and 21 %) and labor supply as it

increases commuting costs. Other transportation policies, like

mass transit, show promise for decreasing environmental pol-

lution. Goel and Gupta [94] found that the construction of the

Delhi Metro reduced CO locally by 34 %.

It is likely that policies for cleaner air will have numerous

direct economic benefits to individuals. Deschenes et al. [95]

estimated the amount saved in protective investments after the

implementation of the USNOxBudget Trading Program, find-

ing a ~$1.8 billion reduction in protective measures due to

cleaner air. However, there are also potentially negative as-

pects of private demand for cleaner environments, as Zheng

et al. [96] showed how the means to invest in protective mea-

sures like air filters in richer households in Beijing can be

associated with decreases in support for strong policies and

increases in inequality of pollution impacts. Other policies

may have unintended consequences for air pollution; for ex-

ample, Chen et al. [97] noted that a policy of subsidizing

heating north of China’s Huai River has led to a decrease of

5.5 years of life expectancy. Aside from directed policies,

economic factors such as energy prices and macroeconomic

fluctuations are important considerations. Cesur et al. [98]

found that a boom in natural gas decreased infant mortality

in Turkey, and Heutel and Ruhm [99] pointed to macroeco-

nomic fluctuations as an important source of uncertainty in

projecting forward the costs of pollution.

Future Research Directions and Conclusions

The previous sections suggest much-needed research direc-

tions to keep air pollution below recommended limits; future

population increases in developing countries and the changing

baseline incidence of disease will increase health impacts even

if concentrations were to remain constant [100]. We stress that

there are several severely understudied megacities, especially

in Africa and South Asia. As shown in Fig. 3, monitoring data

is not readily available for several megacities, making com-

parisons difficult.

Regarding air pollution monitoring, although new tools are

available, the examination by Ford and Heald [101] of satellite

versus modeled PM2.5 exposures emphasizes the need to re-

solve uncertainties among different methodologies. This is

important not just for estimating current health effects of air

pollution in megacities but also for projecting future changes.

For estimating health impacts, concerns have been raised

that the dose-response function that is typically used to esti-

mate mortality from pollution may not be applicable in devel-

oping countries with higher pollution levels. Pope et al. [102]

suggested that non-linearities may exist in the dose-response

curve at higher pollution levels, and this could substantially

change mortality calculations; Arceo et al. [69] found sugges-

tive evidence for this in Mexico City. In addition, health esti-

mates could also be routinely underestimating mortality if

toxicity is higher for certain particles, such as carbonaceous

particles [5••]. Cohort studies currently underway in China

may help to resolve this issue in the future.

As understanding of the set of air pollution impacts grows,

an important area of research will be to take a more integrated

or holistic approach to evaluating these impacts on society, as

effective policy-making requires accurate cost-benefit analy-

ses. There is a need to address the full cost of pollution from

megacities, including techniques to value mortality and mor-

bidity costs, integrating these costs with valuations from non-

health impacts discussed above and expanding the set of
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researched impacts. Where possible, empirical evaluations of

these impacts should guide policy. As many of the above

papers suggest, integrating across impacts may substantially

increase the societal costs of air pollution compared to evalu-

ations examining only mortality.

The trajectory of growth of megacities is another important

research area. We see that pollution tends to increase with

income up to a point and that richer countries, on average,

have lower pollution (Fig. 4). It is unclear how the relative

rates of pollution abatement, population growth, and econom-

ic growth will affect the projected population exposure as

megacities continue to grow, particularly in Asia and Africa.

Migration to urban areas is expected to change emissions and

exposure patterns, as observed in Beijingwith different energy

consumption patterns between rural residents, migrants, and

urban residents [103]. Finally, although the populations within

the immediate vicinity of megacities often experience the

highest pollution, it becomes a global issue when we consider

the links between local air pollution and greenhouse gas con-

centrations as well as transport of pollution in and out of

megacities. At the same time, local demand for cleaner air

could also spur greenhouse gas mitigation. This two-way link-

age is another promising area of research.

While the recent papers discussed here motivate these new

research directions, they also show that it is possible for mega-

cities to reduce extreme air pollution. Some of the world’s

most populous megacities have some of the lowest pollution

concentrations, and the lessons learned in these cities can

serve as guiding principles in our increasingly urbanized

world.
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