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Ambient PM2.5 pollution is a substantial threat to public health in globalmegacities. This paper reviews the PM2.5

pollution of 45 global megacities in 2013, based on mass concentration from official monitoring networks and
composition data reported in the literature. The results showed that the five most polluted megacities were
Delhi, Cairo, Xi'an, Tianjin and Chengdu, all of which had an annual average concentration of PM2.5 greater
than 89 μg/m3. The five cleanestmegacities wereMiami, Toronto, NewYork,Madrid and Philadelphia, the annual
averages of which were less than 10 μg/m3. Spatial distribution indicated that the highly pollutedmegacities are
concentrated in east-central China and the Indo-Gangetic Plain. Organic matter and SNA (sum of sulfate, nitrate
and ammonium) contributed 30% and 36%, respectively, of the average PM2.5mass for allmegacities. Notable sea-
sonal variation of PM2.5 polluted days was observed, especially for the polluted megacities of China and India,
resulting in frequent heavy pollution episodes occurring during more polluted seasons such as winter. Marked
differences in PM2.5 pollution between developing and developed megacities require more effort on local emis-
sions reduction as well as global cooperation to address the PM2.5 pollution of those megacities mainly in Asia.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Ambient fine particulate matter (PM2.5) refers to particles with an
aerodynamic diameter of less than 2.5 μm. PM2.5 has adverse impacts
on human health, visibility, ecosystems and climate change (Brauer
et al., 2012; Cheng et al., 2013; IPCC, 2013; Kan et al., 2012; Madrigano
et al., 2013; Zhang et al., 2012b). These impacts are more notable for
global megacities. The agglomerated population of megacities results
in a high emission amount of pollutants due to intensive energy con-
sumption (Butler et al., 2008). The elevated concentration of pollutants
such as PM2.5 will affect substantially more people inmegacities than in
rural regions (Gurjar et al., 2010). Research on PM2.5 pollution has paid
more attention to themegacities than other locations, from those in de-
veloped countries, such as Tokyo, Paris and Los Angeles, to those in de-
veloping countries, such as Beijing, Hong Kong, Mumbai and Santiago
(Bressi et al., 2013; Hara et al., 2013; Hasheminassab et al., 2014;
Huang et al., 2014a, 2014b; Joseph et al., 2012; Villalobos et al., 2015;
Yu et al., 2013). However, most of these studies rely on the measured
results from one short episode or at a single site conducted by differ-
ent groups with different measurement techniques, making it diffi-
cult to accurately represent long-term conditions.

Data of PM2.5 pollution status on the global scale is scarce. TheWorld
Health Organization (WHO) collects and publishes a database on the
ambient air pollution in global cities every year (WHO, 2014). The num-
ber of covered cities is ample and comprehensive, but the PM2.5 concen-
tration is converted from PM10 results for many cities of developing
countries such as China. Furthermore, no additional data analysis is con-
ducted in the WHO database. Zhang et al. (2012b) compared the inte-
grated mass and species concentration of PM10 from Chinese sites
with those from other countries or regions, but the Chinese sites are
primarily located in rural areas or medium cities and only PM10 was
included. The PM2.5 mass or composition derived from satellite sensor
observations such as MODIS and MISR provide another investigation
path for global PM2.5 distribution (Boys et al., 2014; Philip et al., 2014;
van Donkelaar et al., 2015). The disadvantage of this satellite-based
method is the significant uncertainties caused by the precision of the
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inversion algorithm and the adverse meteorological impact on the bias
of the detected signal.

A quantitative comparison based on in situ and simultaneous PM2.5

observations for global megacities is seldom reported. China added
PM2.5 to its new national air quality standard in 2012. The execution
of the PM2.5monitoring network in China provides the fundamental da-
tabase for this study. The published PM2.5 concentration from theofficial
monitoring network of 45 global megacities for the entire year of 2013
was collected. In addition, the global PM2.5 distribution and composition
for 2013 from previous studies are also reviewed.We intend to provide
a comprehensive review of the current status of the PM2.5 mass level,
composition, temporal variation and principal causes in global mega-
cities, which will provide substantial support for the assessment of
health impacts related to air pollution, as well as strategies for control-
ling global air pollution.

2. Data sources and methods

2.1. PM2.5 mass and processing procedure

A megacity in this study is defined as an urban agglomeration with
more than 5 million inhabitants. According to the criteria set forth by
Fig. 1.Globalmegacities distribution and their availability of PM2.5 data. The symbol size used for
data availability of PM2.5, i.e., green: hourly or daily or 3-days; red: monthly or annual; grey: no
referred to the web version of this article.)
the United Nations, there were 71 cities characterized as megacities
per the population data from 1 July 2014 (United Nations, 2014). The
list of megacities (shown in Fig. 1 and Table S1 of the supplemental ma-
terials section) was derived from a published report by the United Na-
tions (United Nations, 2014). These megacities are primarily located in
Asia, Europe and North America.

The PM2.5 raw datasets from 2013-1-1 to 2013-12-31were collected
and investigated using a website of air quality broadcasting or the peri-
odical air quality report provided by local environmental protection bu-
reaus. Therewere 45megacities that hadmeasured andpublished PM2.5

concentration levels, whereas data from the other 26 megacities
were unavailable. Web addresses of the data sources are listed in
Table S2 of the supplemental materials section. All of the datasets
used in this study were confirmed to be from official departments
and to have covered a sufficient temporal length of the year 2013.
According to the dataset resolution in Table S1, the 26 megacities
whose PM2.5 data were unavailable were from Asia, Africa and
South America, except for Istanbul, in Europe. For the remaining
45 megacities, hourly, daily or 3-day resolutions were obtained for
all cities, except Delhi, Cairo and Dhaka. Only the annual average
PM2.5 for Delhi and Cairo and the monthly average for Dhaka were
available for this study.
themegacities represents three classes of population size. The symbol colors represent the
t available. (For interpretation of the references to color in this figure legend, the reader is
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The annual average and polluted days in the different concentration
ranges for each megacity were derived from the raw datasets. The raw
hourly, daily, 3-day or monthly records were averaged to obtain the an-
nual average for each observation site, then the annual average and its
standard deviation value for each megacity were calculated from the
corresponding values of all sites in each megacity. To determine the
days in the different concentration ranges, the ratio of days in the differ-
ent concentration ranges was first calculated by dividing the counted
days by all sampling days, then multiplying by 365 to obtain the days
for each concentration range. Five ranges of PM2.5 concentration were
divided by the daily threshold values of 25, 37.5, 50 and 75 μg/m3,
according to the WHO's interim targets for the daily concentration
(WHO, 2006).

2.2. Satellite-derived product

Satellite-derived PM2.5 results were collected to provide the
geographic distribution for the area around all the megacities, which
might help explain the differences and causes of the spatial diversity
of PM2.5 pollution in the megacities. The global satellite-derived PM2.5

with the resolution of 0.1° ∗ 0.1° in 2010–2012 at a relative humidity
of 35%, developed and provided by van Donkelaar et al. (2015), was se-
lected for use in this study.

2.3. PM2.5 chemical composition

The concentrations of PM2.5 compositions for megacities were
collected and processed from the literature whose sampling date was
around 2013 and time length was about one year. Organic matter (OC
multiplied by 1.4 to represent themass of C, N, O etc.), elemental carbon
(EC), sulfate, nitrate and ammonium (SNA), soil and unidentified were
used for the PM2.5 mass closure (Chow et al., 2015). “Soil” was cal-
culated from the weighted summation of five major soil elements,
i.e., 2.2Al + 2.49Si + 1.63Ca + 2.42Fe + 1.94Ti (Lowenthal and
Naresh, 2003). For the unmeasured element, it is estimated by the
mass ratio to the measured element of upper continental crust
given by Taylor and McLennan (1995). “Unidentified” refers to the
remaining mass between the PM2.5 mass and the summation of
the aforementioned four groups of chemical compositions.

3. Results and discussion

3.1. PM2.5 integrated mass concentration

Investigation of the observation sites included a measurement
method of the PM2.5 mass and the current PM2.5 threshold of the air
quality standard for each megacity (shown in Table 1). The number of
monitoring sites varied from 1 in several US megacities to 45 in Tokyo.
The measurement methods of the PM2.5 mass include gravimetric,
beta attenuation, tapered element oscillating microbalance (TEOM)
and TEOM with a filter dynamics measurement system (FDMS). Dif-
ferent methods had their own advantages and disadvantages (Chow
et al., 2008). No tendency towards a specific measurement method
was observed among the megacities. As to the PM2.5 standard, some
European megacities (i.e., Paris, London, Madrid and Barcelona) only
had an annual (no daily) threshold in their standards. Megacities in
the same country usually had the same national standard for annual
or daily threshold values. Only Toronto of Canadamet theWHO's annu-
al guideline value of 10 μg/m3, and no megacity met the daily 25 μg/m3

WHO guideline value. The countries whose threshold was equal to or
lower than the WHO's Interim Target-3 values (annual: 15 μg/m3,
daily: 37.5 μg/m3) included the United States, Canada, Japan and
Singapore. Egypt, India and China had the most relaxed annual thresh-
old values of 50, 40 and 35 μg/m3, respectively. The corresponding daily
threshold values for these three countries are 80, 60 and75 μg/m3, respec-
tively. The wide gap in the threshold values between developed and
developing countries reflected the status and control efforts of
PM2.5 pollution, also indicating the progress developing countries
must make towards attaining the WHO guideline.

By averaging all of the validated rawPM2.5 records in 2013, the PM2.5

annual concentration is calculated and ranked for all the megacities
(shown in Fig. 2). The five most polluted megacities with the highest
PM2.5 concentrations were Delhi (143.0 ± 17.8), Cairo (109.6 ± 27.7),
Xi'an (102.2 ± 9.3), Tianjin (95.7 ± 7.7) and Chengdu (89.4 ±
14.4 μg/m3). Only Cairo is in Africa, while the other four megacities are
in India or China, in Asia. In contrast, the five least polluted megacities
were Miami (6.7), Toronto (8.4 ± 0.3), New York (9.1 ± 1.0), Madrid
(9.9 ± 1.3) and Philadelphia (10.3 ± 1.0 μg/m3). Only Madrid, Spain,
is in Europe, and the other four megacities are in the United States or
Canada, in North America.

According to the annual threshold values of the WHO guideline
(WHO, 2006), only four megacities attained the WHO guideline value
of 10 μg/m3; they are referred to as “WHO-attainment” megacities,
and their annual concentrations were 6.7–9.9 μg/m3. Another five
megacities, whose concentrations were between 10 μg/m3 and the
interim target III value of 15 μg/m3, are referred to as “target III-
attainment” megacities and their concentrations were 10.3–11.6 μg/m3.
Another 11 megacities are referred to as “target II-attainment”
megacities because their concentrations of 15.3–22.4 μg/m3 are all
between 15 μg/m3 and the interim target II level of 25 μg/m3. Addi-
tional five megacities only attained the interim target I level of
35 μg/m3 and are referred to as “target I-attainment” megacities,
with a concentration of 25.9–30.8 μg/m3. The remaining 20 mega-
cities, whose concentrations (40.0–143.0 μg/m3) were all greater
than 35 μg/m3, are referred to as “non-attainment” megacities.

The spatial distribution of PM2.5 hotspots between discrete
megacities and satellite-derived grids was shown to be consistent
at the global scale (shown in Fig. 3). The “non-attainment” mega-
cities concentrated in eastern China and northeast India, as well as
Cairo, Egypt, were based on official field measurements, whereas
the satellite-derived product presented “non-attainment” regions
as covering most areas of east-central China and the Indo-Gangetic
Plain (van Donkelaar et al., 2015). The pollution of “non-attainment”
megacities in China and India has already become a severe regional prob-
lem rather than a local discrete issue. Thefive “target I-attainment”mega-
cities were Hong Kong, Mumbai, Bogota, Santiago and Mexico City. The
former two were probably affected by the regional heavy pollution in
China and India, whereas pollution in the latter three megacities was
more likely attributed to local urban influence, as indicated by the satellite
distribution results. The 11 “target II-attainment”megacities included 4 in
Europe, 4 in Japan, Singapore, Sao Paulo and Los Angeles. Satellite distri-
bution indicated that the pollution in most “target II-attainment” mega-
cities occurs at the local scale, only the four megacities in Europe show
regional distribution. The four “WHO-attainment” and five “target III-
attainment” megacities were all located in North America, except for
Madrid, in Europe. In general, the satellite-derived PM2.5 had a high corre-
lation with the field direct measurement results, with the correlation co-
efficient of 0.87, in despite of different temporal coverage and spatial
resolution between the two datasets.

The PM2.5 spatial diversity between global megacities, indicated by
both field measurement and satellite inversion, was mainly related to
the emission intensity of anthropogenic pollutants. These pollutants in-
cluded the primary emission of fine particulate matter, as well as gas-
eous precursors including sulfur dioxide, oxides of nitrogen, ammonia
and volatile organic compounds that could ultimately be oxidized to
form particulate matter. China and India were estimated to contribute
35.8% and 13.8% of global anthropogenic PM2.5 emissions, respectively,
and the emission intensities of eastern China and the Indo-Gangetic
Plain were both higher than 106 g/km2-year in 2007 (Huang et al.,
2014c). The fuel consumption sectors, such as power plants, industry,
residential and commercial buildings, contributed to the dominant pri-
mary PM2.5 emissions for China and India (Huang et al., 2014c). For



Fig. 2. Annual average PM2.5 concentrations of global megacities. The ends of the whiskers represent one standard deviation of the annual average concentration. The numbers 15, 25 and
35 on the right represent the three annual concentration thresholds of the three interim targets of theWHO. The black diamond symbol represents the annual standard for eachmegacity.

Table 1
Configuration of PM2.5 measurements for the megacities in this study.

Country Megacity Sites Measurement method Ambient standard (μg/m3)

Annual Daily

USA Atlanta 1 Gravimetric 12 35
Spain Barcelona 7 Gravimetric 25 N/A
China Beijing 12 TEOM-FDMS 35 75
Colombia Bogota 1 Beta attenuation 25 50
Egypt Cairo 13 Gravimetric 50 80
China Chengdu 8 TEOM-FDMS or beta attenuation 35 75
USA Chicago 4 Gravimetric 12 35
China Chongqing 16 TEOM-FDMS or beta attenuation 35 75
USA Dallas 4 Gravimetric or beta attenuation 12 35
India Delhi 6 Beta attenuation 40 60
Bangladesh Dhaka 11 Beta attenuation 15 65
China Dongguan 5 TEOM-FDMS or beta attenuation 35 75
China Foshan 8 TEOM-FDMS or beta attenuation 35 75
China Guangzhou 11 TEOM-FDMS 35 75
China Hangzhou 11 TEOM-FDMS or beta attenuation 35 75
China Harbin 12 TEOM-FDMS or beta attenuation 35 75
China Hong Kong 11 TEOM 35 75
USA Houston 1 Gravimetric 12 35
Japan Kitakyushu-Fukuoka 2 TEOM or beta attenuation 15 35
India Kolkata 10 Beta attenuation 40 60
England London 3 TEOM-FDMS 25 N/A
USA Los Angeles 4 Beta attenuation 12 35
Spain Madrid 6 TEOM 25 N/A
Mexico Mexico City 12 Gravimetric or beta attenuation 12 45
USA Miami 1 Gravimetric 12 35
Russia Moscow 2 TEOM 25 35
India Mumbai 1 Beta attenuation 40 60
Japan Nagoya 14 TEOM or beta attenuation 15 35
China Nanjing 9 TEOM-FDMS or beta attenuation 35 75
USA New York 10 Gravimetric 12 35
Japan Osaka 42 TEOM or beta attenuation 15 35
France Paris 9 TEOM-FDMS 25 N/A
USA Philadelphia 6 Gravimetric or beta attenuation 12 35
Chile Santiago 11 Beta attenuation 20 50
Brasil Sao Paulo 4 Beta attenuation 20 60
China Shanghai 10 TEOM-FDMS 35 75
China Shenyang 11 TEOM-FDMS or beta attenuation 35 75
China Shenzhen 11 TEOM-FDMS or beta attenuation 35 75
Singapore Singapore 5 Beta attenuation 12 37.5
China Suzhou 8 TEOM-FDMS or beta attenuation 35 75
China Tianjin 15 TEOM-FDMS or beta attenuation 35 75
Japan Tokyo 45 TEOM or beta attenuation 15 35
Canada Toronto 4 TEOM 10 28
China Wuhan 10 TEOM-FDMS or beta attenuation 35 75
China Xi'an 13 TEOM-FDMS or beta attenuation 35 75
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Fig. 3. PM2.5 mass comparison between satellite-derived and measured values. The top panel (a) is the ground measurement of the PM2.5 annual concentration using the dataset of this
study. The bottompanel (b) is the satellite-derived PM2.5 annual concentration distribution provided by vanDonkelaar et al., 2015 (http://fizz.phys.dal.ca/~atmos/datasets/Unified_PM25_
GL_201001_201212-RH35-minc0_Median_NoDust_NoSalt-NoNegs.asc.zip).
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example, China and India respectively emitted 29.1% and 10.1% of the
global anthropogenic sulfur dioxide in 2011, and the majority of the
emissions were concentrated in the polluted regions shown in Fig. 3
(Klimont et al., 2013). Energy-generation and industry are estimated
to be the largest sources of sulfur dioxide emissions for both China
and India (Klimont et al., 2013). The primary reason for the high emis-
sion intensitywas due to the continuous industrialization and urbaniza-
tion of developing countries as well as the increased globalization,
specifically the design and service-oriented economies in developed
countries contrasted with the energy- and emission-intensive produc-
tion economies in developing countries (Lin et al., 2014).

3.2. PM2.5 chemical composition and source apportionment

Organic matter and SNA were the dominant PM2.5 components for
global megacities. From the published studies of the PM2.5 chemical
composition in 38 megacities (shown in Fig. 4), the average percentage
of each composition was 30 ± 8% for organic matter (OM), 7 ± 4% for
elemental carbon (EC), 36 ± 10% for SNA, 10 ± 5% for soil and 19 ±
12% for unidentified. Organic matter is typically regarded as being half
from the primary emission source andhalf from the oxidation of volatile
organic compounds (Day et al., 2015). In addition, SNA are regarded as
originating entirely from the oxidation of gaseous precursors such as
sulfur dioxide and nitrogen oxides, whereas elemental carbon and soil
typically originate from the primary emissions of industry, mobile
sources and dust. As a result, 51% of the PM2.5mass for globalmegacities
was estimated to come from a secondary oxidation path, whereas the
remaining 49% came from the direct emission of primary sources.

The composition ratios of megacities in this study were comparable
with the global population-weighted compositions, which are derived
from satellite and chemical transport models (Philip et al., 2014). An or-
ganic mass of 30% in megacities was similar to that of 32% in the global
population-weighted composition. This is also suitable for the EC,
whose fraction is 7% for the two cases. The SNA percentage of 36% for
megacities was slightly higher than the 30% for the global population-
weighted composition. The major difference was for the soil (mineral
dust) contribution. A soil percentage of 30% in the global population-
weighted composition is more than triple that of 9% in the global mega-
cities. Because the global population-weighted results include both
urban and rural populations, the SNA ratio is reasonably lower than
that of the megacities because almost all of the SNA was oxidized
from the gaseous pollutants emitted by fossil fuels, which were used
more in megacities. In contrast, a notably rural population located in
sub-Saharan Africa, with a high soil concentration and without any
megacities, resulted in a rather high soil percentage for the global
population-weighted composition (Philip et al., 2014; United Nations,
2014).

The diversity of the composition ratio between each megacity was
notable. The OM ranged from 16% in Harbin to 53% in Kolkata, and the
EC increased from1% to 20% in the same twomegacities. The SNA varied

http://fizz.phys.dal.ca/~atmos/datasets/Unified_PM25_GL_201001_201212-H35inc0_Median_NoDust_NoSalt-oNegs.asc.zip
http://fizz.phys.dal.ca/~atmos/datasets/Unified_PM25_GL_201001_201212-H35inc0_Median_NoDust_NoSalt-oNegs.asc.zip


Fig. 4. PM2.5 chemical composition for global megacities. The symbol color and number of the megacities represents the measured annual PM2.5 concentration in 2013. OM (organic
matter) = 1.4 ∗ OC, EC: elemental carbon, SNA: sulfate, nitrate and ammonium, soil = 2.2Al + 2.49Si + 1.63Ca + 2.42Fe + 1.94Ti, unidentified = PM2.5 mass–OM–EC–SNA–soil.
The chemical compositions of Dhaka, Shenyang, Dongguan, Foshan, Madrid, Bogota and Moscow are unavailable. The sampling date and references for each megacity are as follows: At-
lanta, 2013, U.S. EPA chemical speciation network;Barcelona, 2003–2004, Rodriguez et al., 2007, EC refers to black carbon here, Sulfate refers to non-sea-salt sulfate; Beijing, 2012–2013, Liu
et al., 2015; Cairo, 2010, Lowenthal et al., 2013; Chengdu, 2012–2013, Chen et al., 2015b; Chicago, 2013, U.S. EPA chemical speciation network; Chongqing, 2005–2006, Yang et al., 2011;
Dallas, 2013, U.S. EPA chemical speciation network; Delhi, 2001–2002, Chowdhury, 2004; Guangzhou, 2013–2014, Guangzhou EPB, No soil data; Hangzhou, 2011–2012, Cheng 2014; Har-
bin, 2013–2014, Jia 2014;Hong Kong, 2011–2012,Huang et al., 2014b, EC refers to soot concentration;Houston, 2013, U.S. EPA chemical speciation network;Kitakyushu-Fukuoka, 2012–
2013,Ministry of the Environment, Japan, 2014, No soil data;Kolkata, 2001–2002,Chowdhury, 2004; London, 2004–2005, Rodriguez et al., 2007, EC refers to black carbon here, Sulfate refers
to non-sea-salt sulfate; Los Angeles, 2013, U.S. EPA chemical speciation network;Mexico City, 2003–2004, Vega et al., 2011, Ti is calculated by [Al]/26.8;Miami, 2013, U.S. EPA chemical spe-
ciation network;Mumbai, 2007–2008, Joseph et al., 2012;Nagoya, 2012–2013,Ministry of the Environment, Japan, 2014, No soil data;Nanjing, 2011–2012, Chen et al., 2015a, Ti is calculated
by [Al]/26.8;NewYork, 2013, U.S. EPA chemical speciation network, Ti is calculated by [Al]/26.8;Osaka, 2012–2013,Ministry of the Environment, Japan, 2014; Paris, 2009–2010, Bressi et al.,
2013, No soil data; Philadelphia, 2013, U.S. EPA chemical speciation network; Santiago, 2013, Villalobos et al., 2015; Sao Paulo, 2008, Souza et al., 2014, No soil data; Shanghai, 2012–2013,
Shanghai EPB, 2014; Shenzhen, 2013–2014, Shenzhen EPB, No soil data; Singapore, 2000, Balasubramanian et al., 2003, OM is calculated by weighted water-insoluble organic carbon and
water-soluble organic carbon; No soil data; Suzhou, 2011–2012, Cheng, 2013; Tianjin, 2011, Xu et al., 2015; Tokyo, 2012–2013,Ministry of the Environment, Japan, 2014; Toronto, 2000–
2001, Lee et al., 2003, Ti is calculated by [Al]/26.8 and Fe is calculated by [Al]/2.3;Wuhan, 2012–2013, Zhang et al., 2015, No soil data; Xi’an, 2010,Wang et al., 2015, Al, Si and Ca are cal-
culated by [Fe]*2.3, [Fe]*8.8 and [Fe]*0.86, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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from 15% in Sao Paulo to 55% in Kitakyushu-Fukuoka. The minimum
percentage for soil was 2% in London and the maximum was 26% in
Tianjin. The “unidenfied” referred to unidentified PM2.5 substances
that also ranged from 2% in Cairo to 41% in Sao Paulo. The diversity
was substantial due to different aerosol chemical characteristics across
the world's megacities, which was also related to the collected data
from the different studies, the different sampling devices and the anal-
ysis methods for each component.

The composition ratios among the megacities in the different PM2.5

mass regions indicated the characteristics of the local emissions. For
the 20 “non-attainment” megacities, the mass ratio in Delhi, Kolkata
and Cairo was 51% for OM, 15% for EC, 17% for SNA, 11% for soil and
6% for unidentified, on average, which are notably different from those
in the 13 Chinese megacities with 26% for OM, 5% for EC, 39% for SNA,
12% for soil and 18% for the unidentified, on average. The corresponding
ratios in the 14 “target I-attainment” and “target II-attainment” mega-
cities of Asia, America and Europe were 31% for OM, 9% for EC, 37% for
SNA, 8% for soil and 15% for unidentified. For the eight “WHO-attain-
ment” and “target III-attainment” megacities, all located in North
America, the mass ratios were 30% for OM, 6% for EC, 34% for SNA, 7%
for soil and 23% for unidentified. In general, carbonaceous substances
dominated the Indian megacities and Cairo, and secondary inorganic
aerosols were the most abundant composition for Chinese megacities.
For the remainingmegacities with relatively low PM2.5mass concentra-
tions, organic carbonaceous substances were comparable and almost
equal to that of secondary inorganic aerosols. The soil percentage of
11–12% in “non-attainment” megacities was slightly higher than the
7–8% in the remaining megacities, whereas the ratio of “unidentified”
was between 12% and 23%,which is partially due to the underestimated
organic matter contribution caused by the OC to OM conversion factor
of 1.4 used in this study. More investigative work is expected for differ-
ent locations to estimate a precise and local OM/OC converter (Turpin
and Lim, 2001).

Source apportionment results further track the sources of these
major PM2.5 species in the representativemegacities. For organicmatter
(OM), primary emissions still account for the majority measured in
“non-attainment” megacities, from 65% in Beijing and 67% in Shanghai
to 53% in Delhi (Guo et al., 2012; Shanghai EPB, 2014; Tiwari et al.,
2013). Primary OMwas largely emitted by diesel and gasoline vehicles,
in addition to the burning of coal and biomass (Guo et al., 2012; Tiwari
et al., 2013). However, secondary organic aerosols are not negligible and
will keep rising after controlling for primary emissions. The dominant
contribution of primary OM is also the case for the “target I-attainment”
and “target II-attainment” megacities such as Santiago and Mexico City.



Fig. 5. Days separated by the threshold values of the WHO guideline. The threshold values of 25, 37.5, 50 and 75 μg/m3 used for the daily concentration ranges are suggested by the
guideline and interim targets I, II and III of the WHO. The megacities of Delhi, Cairo and Dhaka are excluded because the daily PM2.5 concentrations are unavailable.
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The SOA in Santiago could reach 54% in three warmmonths but decrease
to almost zero in othermonths (Villalobos et al., 2015). The primary emis-
sion sources in Santiago are wood smoke (approximately 60% in cold
months), diesel and gasoline vehicles (Villalobos et al., 2015). For
Mexico City 54–79% of the OM is from primary emission sources (traffic
emission: approximately 49% and wood smoke: 5–30%) (Stone et al.,
2008). In contrast, secondary organic aerosols dominated the organic
aerosols for the “WHO-attainment” and “target III-attainment” mega-
cities. For New York, 70% of the OM is composed of secondary organic
aerosols (SOA) and the remainder is from traffic and cooking (Sun et al.,
2011). In Europe, the SOA accounts for 21–68% of the total carbon inwin-
ter and increases to 70–86%during the summer,which is typically a result
of the volatile organic compounds fromnon-fossil fuel sources (Gelencsér
et al., 2007). Over 80% of the SNA in the megacities of Beijing, Shanghai,
Guangzhou and Chongqing was from the gaseous precursors emitted by
power generation, industry and traffic, according to the chemical trans-
port modeling results (Zhang et al., 2012a). The mass ratio of [SO4

2−]/
[NO3

−] is regarded as an indicator of the contributionweight of stationary
sources such as power generation and traffic sources. To a certain extent, a
higher [SO4

2−]/[NO3
−] value signifies a greater percentage of sulfate oxi-

dized from sulfur dioxide from stationary sources or regional upwind
transport, and a lower value signifies a greater contribution of nitrogen
oxides from both stationary and traffic sources. The [SO4

2−]/[NO3
−] for

the megacities of Kolkata (5.2), Atlanta (3.5), Cairo (3.2), Miami (3.0)
and Delhi (2.8)were found to bemuch higher than Beijing (0.95), Shang-
hai (1.1), Guangzhou (1.9), Chicago (1.0), New York (1.1) and Toronto
(1.2). Santiago (0.27), Los Angeles (0.5), Paris (0.7) and London (0.8)
have the lowest [SO4

2−]/[NO3
−] values, indicating the dominate contribu-

tion of traffic emissions (Bressi et al., 2013; Chowdhury, 2004; U.S. EPA
chemical speciation network; Guangzhou EPB; Lee et al., 2003; Liu et al.,
2015; Lowenthal et al., 2013; Shanghai EPB, 2014; Villalobos et al.,
2015). However, it should also be noted that presence of ammonia also
affects the [SO4

2−]/[NO3
−] value, because ammonia is believed to be neu-

tralized first by sulfuric acid to form ammonium sulfate or ammonium
bisulfate and then the excess part of ammonia could react with nitric
acid to form NH4NO3 and with hydrochloric acid to form NH4Cl
(McMurry et al., 1983).
3.3. Temporal evolution of polluted days

Thepolluted days exceeding theWHOdaily threshold values in 2013
were counted for eachmegacity (shown in Fig. 5). Ranked by the pollut-
ed days exceeding theWHO daily guideline of 25 μg/m3, the five mega-
cities with themost number of polluted dayswere Chengdu (348 days),
Nanjing (348 days), Xi'an (346 days) and Tianjin (345 days) in 2013.
The five megacities with the least number of polluted days exceeding
25 μg/m3 in 2013 were Toronto (4 days), Chicago (4 days), Madrid
(1 day), Atlanta (0 day) and Miami (0 day). The days exceeding the
daily WHO interim target I of 75 μg/m3 (“non-attainment” days) all oc-
curred in the megacities in Asia, varying from 6 in Singapore to 177 in
Chengdu. For the number of days between the interim target II of
50 μg/m3 and 75 μg/m3 (“target I-attainment” days), the Asian mega-
cities still comprise the majority, with an average of 48 days. The
other megacities that had “target I-attainment” days were in America
and Europe, from1day in Los Angeles to 15 days in Santiago. The “target
II-attainment” days with a daily concentration between the interim tar-
get III of 37.5 μg/m3 and 50 μg/m3 occurred primarily in Asia and South
America but occurred in a total of 34 global megacities. The “target II-
attainment” days ranged from 2 in Philadelphia to 74 in Hangzhou,
with an average of 39 days. The “target III-attainment” days with a
daily concentration between the WHO guideline of 25 μg/m3 and
37.5 μg/m3 existed in all megacities except for Atlanta and Miami. The
“target III-attainment” days were distributed almost evenly throughout
Asia, South America and Europe, with an average of 53 days.

The polluted days exceeding the WHO daily threshold values, how-
ever, were not equally distributed throughout the year. Fig. 6 shows the
monthly distribution for the polluted days in each megacity. For the
“non-attainment” days with a concentration over 75 μg/m3, December,
January and February were the dominant months for all of the mega-
cities, primarily in China and India, except during July in Singapore. Pre-
vious studies also indicated that winter was the peak PM2.5 season in
urban areas in China and India (Bisht et al., 2015; Chai et al., 2014;
Cheng et al., 2013; Qu et al., 2010; Wang et al., 2014). The reasons for
which are summarized in two folds. The first reason is the unfavorable
dispersion conditions for pollutants in winter. A vertical temperature



Fig. 6.Monthly distribution of the polluted days exceeding theWHO threshold values. The symbol size represents the number of polluted days for the corresponding month. The symbol
color represents the different mass range. Themegacities of Delhi, Dhaka and Cairo are excluded because onlymonthly or annual values are available. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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inversion was frequent in winter, accompanied by wind speeds less
than 2 m/s and a mixing layer height less than 300 m (Huang et al.,
2014a; Jiang et al., 2015). The second reason is the additional emission
enhancement in winter. A heating season exists, usually from Novem-
ber to March, for the northern cities of China. Residential heating sys-
tems that burned coal increased SO2 emissions as much as 24% at or
near ground level (Hao et al., 2005). This is also true for Indian mega-
cities that burned wood and agricultural waste to produce heat (Bisht
et al., 2015). The heavy pollution occurring in July in Singapore was pri-
marily caused by biomass burning in nearby Indonesia (Betha et al.,
2014).

For the “target I-attainment” days with a concentration of
50–75 μg/m3, although the polluted days were still present in the
megacities of China, the peakmonths transferred to autumn (September,
October and December), especially for southern China (i.e., Foshan,
Donguan, Shenzhen and Hong Kong). April to June was also a period of
high occurance of “target I-attainment” days for other megacities. Dust
storms from Northern China (April), biomass burning after crop harvest-
ing (May–June andOctober–November) andworseningdispersion condi-
tions after summer likely accounted for the polluted days (Cheng et al.,
2014; Fu et al., 2014; Hua et al., 2015). Eleven to fifteen polluted days
were observed in May in Mexico City and in June in Santiago.
For the “target II-attainment” days with a concentration of
37.5–50 μg/m3, the majority of these days in most megacities in
China occurred in July, August and September, except for several mega-
cities in southern China. Actually, the mass level of 37.5–50 μg/m3 was a
low level for the entire year, illustrating that summer and early autumn
were seasonswith clearer conditions for these Chinesemegacities. Favor-
able dispersion conditions often occurred in summer when wind speeds
and the mixing layer height were high and precipitation was abundant,
especially for the coastal megacities influenced by the subtropical oceanic
climate (Cheng et al., 2013). However, themajority of such favorable days
in the megacities of southern China, Bogota and Mumbai were in the
spring and autumn, between the most polluted winter season and clean
summer season. In contrast, for Mexico City, Sao Paulo and Santiago, the
autumn and winter months (April to August) are unfavorable for pollut-
ant dispersion; stable conditions and thermal inversions are common
and thresholds may be exceeded (de Miranda et al., 2012; Vega et al.,
2011; Villalobos et al., 2015).

For the “target III-attainment” days with a concentration of
25–37.5 μg/m3, the majority of Chinese megacities were limited to July
and August, matching well with the summer season of these mega-
cities, whereas the majority for the remaining southern Chinese mega-
cities, Bogota and Mumbai occurred during February–April and August–
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October. For Mexico City, Sao Paulo and Santiago, these polluted days
were concentrated in February–May.

Overall, the meteorological conditions, such as thermal inversions
occurred in winter, the elevated temperature for atmospheric oxidation
in summerwere thedominant factors that determined the seasonal var-
iation of PM2.5 mass in megacities. Additional emissions resulting from
heating or open-air burning could also be enhanced during cold seasons.
However, the climate system for each megacity was different and com-
plex, as were the emission characteristics; the temporal pattern of pol-
luted days was ultimately determined by the specific megacity, and the
unique pattern was difficult to summarize.

4. Conclusions

This study intended to present a critical review of the PM2.5 pollution
status in global megacities. Based on the one-year official monitoring
dataset of 2013, Delhi, India; Cairo, Egypt; andXi'an, Tianjin and Chengdu,
China, are the five megacities with the highest PM2.5 annual average
concentrations, ranging from 89 to 143 μg/m3. The least polluted five
megacities were Toronto, Canada; Miami, Philadelphia, and New York,
United States; and Madrid, Spain, with a concentration between 7 and
10 μg/m3. The PM2.5 spatial distribution of the discrete megacities agreed
well with the satellite-derivation distribution, indicating that the most
polluted regions were concentrated in east-central China and the Indo-
Gangetic Plain of Asia. The literature results showed that the organicmat-
ter and secondary inorganic ions (sulfate, nitrate and ammonium) com-
posed the majority of the PM2.5 mass, accounting for 30% and 36% of the
total, respectively. A seasonal distribution of PM2.5 polluted days existed
due to meteorological conditions as well as an emission change in differ-
ent seasons, especially for the polluted megacities in Asia.

There were 26 megacities without published PM2.5 data for 2013.
Most of these megacities are located in Asia, Africa and South America.
The reasons might be due to the deficiency of PM2.5 monitoring net-
works or lack of the transparency of measured data, indicating that
the awareness of air pollution is still limited for themegacities in devel-
oping countries. Finally, a large disparity of PM2.5 pollution levels
existed between megacities in developing and developed countries. To
address the PM2.5 pollution situation in Asia, global collaboration be-
tween developed and developing megacities should be established
and enhanced to optimize energy consumption structure and imple-
ment advanced emission-reducing technologies.
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