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a  b  s  t  r  a  c  t

China’s  tremendous  economic  growth  in the  past  three  decades  has  resulted  in  a number  of environmental
problems,  including  the  deterioration  of  air quality.  In  particular,  fine  particulate  matter  (PM)  has  received
increasing  attention  from  scientists,  governmental  agencies,  and  the  public  due  to its  adverse  impacts  on
human  health.  Monitoring  the  spatiotemporal  patterns  of  air  pollution  is  important  for  understanding
its  transport  mechanisms  and  making  effective  environmental  policies.  The  main  goal  of  this  study,
therefore,  was  to  quantify  the spatial  patterns  and  movement  of  air pollution  in China  at annual,  daily,
and  hourly  scales,  so  that  the  underlying  drivers  could  be  better  understood.  We  used  remote  sensing  data
and  landscape  metrics  together  to capture  spatiotemporal  signatures  of air pollution.  Our  results  show
that,  at the  annual  scale,  PM2.5 concentrations  in  China  increased  gradually  from 1999  to  2011,  with  the
highest  concentrations  occurring  in  the North  China  Plain as  well  as  the  middle  and  lower  reaches  of  the
Yangtze  River  Basin.  The  total  population  affected  by air pollution  was  about  975  million  in  2010  (about
70%  of China’s  population).  Our  more  detailed  analysis  on daily  and hourly  scale  further  revealed  that
a  heavy  air  pollution  event  occurred,  expanded,  aggregated,  and finally  dissipated  over  Northern  China
during  Oct.  6–12,  2014,  suggesting  that  the Beijing-Tianjin-Hebei  region  a center  of  severe  pollution.

Crop  stalks  burning  in agricultural  areas  in  this  region  seemed  to be  one  of the  leading drivers,  along
with  coal  burning  and transportation  emissions.  Our  study  demonstrates  that  spatial  pattern  analysis
with  landscape  metrics  is  effective  for analyzing  source-sink  dynamics  of  air pollution  and  its  potential
drivers.  Our  findings  of major  source  areas  and  movement  trajectories  should  be  useful for  making  air
pollution  control  policies  to  improve  China’s  air quality.

©  2017  Elsevier  Ltd.  All  rights  reserved.
. Introduction

China is the most populous country in the world, with more than
alf of its population now living in cities since 2010 (Liu et al., 2014;
u et al., 2014). During the past three decades, the concurrent

apid economic growth and urbanization in China are unprece-
ented in terms of both speed and scale (Ma et al., 2016a; Wu et al.,

014), and have resulted in a number of environmental problems,

ncluding the deterioration of air quality in many urban regions
cross the nation (Huang, 2015; Lue et al., 2010; Shao et al., 2006).
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aculty of Geographical Science, Beijing Normal University, No. 19, XinJieKouWai
treet,  HaiDian District, Beijing 100875, China.

E-mail addresses: alesenrobin@163.com (Y. Liu), Jingle.Wu@asu.edu (J. Wu),
yyucas@163.com (D. Yu).
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470-160X/© 2017 Elsevier Ltd. All rights reserved.
Air pollution can have both acute and chronic effects on human
health, ranging from reversible respiratory problems to lung and
heart failure-related mortality (Cox, 2013; Folinsbee, 1993; Kampa
and Castanas, 2008; Lave and Seskin, 1970; Pant et al., 2016; Phung
et al., 2016; Tsangari et al., 2016). For instance, increased air pol-
lution due to fine particulate matter smaller than 2.5 micrometers
(PM2.5) may  lead to the cardiopulmonary morbidity and mortality
of people (Lelieveld et al., 2015; Pope and Dockery, 2006; Schwartz
et al., 1996; Wu et al., 2014). A recent Chinese case study con-
cluded that the reduction in life expectancy of about 3 years may  be
expected from long-term exposure to an additional 100 �g/m3 of
Total Suspended Particles (TSPs) (Chen et al., 2013). Especially for
elder persons, their relative risks for deaths could be larger than for
all ages (Schwartz et al., 1996).
In 2012, the Ministry of Environmental Protection of the Peo-
ple’s Republic of China (MEP) updated National Ambient Air Quality
Standards, which for the first time included PM2.5 (MEP, 2012a).

dx.doi.org/10.1016/j.ecolind.2017.01.027
http://www.sciencedirect.com/science/journal/1470160X
http://www.elsevier.com/locate/ecolind
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolind.2017.01.027&domain=pdf
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Table  1
Air  Quality Index categories, air pollution levels, and health implications (MEP, 2012b).

AQI Air pollution level Health implications

0–50 Excellent No harm to human health
51–100 Good  Hypersensitive individuals should limit the outdoor activities
101–150  Light Pollution Children, elder and people with breathing or heart problems should reduce outdoor activities
151–200  Moderate Pollution Children, elder and people with breathing or heart problems should avoid outdoor exercise
201–300  Heavy Pollution Children, elder and people with breathing or heart problems should stop outdoor exercise
>300  Severe Pollution Children, elder and people with breathing or heart problems should stay indoors

Table 2
Air  quality standards for specific air pollutants (MEP, 2012b).

IAQI (No unit) SO2 (�g/m3) NO2 (�g/m3) CO (mg/m3) O3 (mg/m3) PM10 (�g/m3) PM2.5 (�g/m3)

0 0 0 0 0 0 0
50  50 40 2 100 50 35
100  150 80 4 160 150 75
150  475 180 14 215 250 115
200  800 280 24 265 350 150
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300  1600 565 36 

400  2100 750 48 

500  2620 940 60 

hinese Meteorological Administration (CMA) also updated early-
arning standards for air pollution, and expanded the indicator set

o include PM2.5 concentration, horizontal visibility, and relative
umidity (CMA, 2013). The threshold to define and forecast haze
ays is 75 �g/m3 of 24-h mean PM2.5 concentration according to
he World Health Organization (WHO, 2005). CMA  (2013) defined
his threshold as 115 �g/m3 of 24-h mean PM2.5 concentration with
elative humidity of higher than 80% and horizontal visibility of
ess than 3 km,  or 150 �g/m3 of 24-h mean PM2.5 concentration

ith horizontal visibility of less than 5 km.  As per the Chinese stan-
ard, the total number of haze days in 2013 was more than 70

n most of China’s megacities, including Beijing, Tianjin, Shanghai,
uangzhou, Shenzhen, and a dozen other densely populated urban
reas (MEP, 2013). In general, the increase of air pollution in China
as a result of human activities such as economic developments

Xu et al., 2016), industrial emissions (Wang et al., 2012a), burn-
ng of coal for heating (Tao et al., 2014), and burning of crop stalks
Shi et al., 2014). Rapid urbanization and urban patterns/forms also
ave impacts on urban air quality (Bereitschaft and Debbage, 2013;
v and Cao, 2011). Sprawl cities tend to generate more transporta-
ion emissions of pollution than more compact cities with mixed
and uses (Borrego et al., 2006; Martins, 2012).

To clarify the relationship between air pollution and human
ealth, it is necessary to monitor and quantify the spatiotempo-
al patterns of air pollution, as well as to understand its transport

echanisms (Blanchard et al., 2011; Yuan et al., 2014; Zhang et al.,
010). Towards this end, observations from air quality monitor-

ng stations are crucial (Cheng et al., 2013; Tao et al., 2014; Wang
t al., 2014), but the site-specific measurements must be scaled up
o obtain spatial distributional patterns of air pollutants on land-
cape and regional scales (Pope and Wu,  2014a,b). The accuracy of
uantifying air pollution patterns depends on both the density and
onfiguration of the ground stations within a monitoring network,
nd is also influenced by the scale of analysis in space and time
Pope and Wu,  2014a; Wu,  1999). Air quality monitoring networks
rovide high temporal resolution data, but their spatial coverage is
sually constrained by physical, fiscal, and technical factors (Pope
nd Wu,  2014b).

To  complement the ground-based monitoring data, satellite-
ased or airborne observations covering broad areas have become
ncreasingly available in recent decades (Tao et al., 2012). Studies
ave shown that Aerosol Optical Depth (AOD) from satellite obser-
ations and PM10/PM2.5 concentrations from ground stations are
ighly correlated (Engel-Cox et al., 2004; Green et al., 2009; Lee
800 420 250
– 500 350
– 600 500

et  al., 2011; Ma  et al., 2016b; van Donkelaar et al., 2006; Wang and
Christopher, 2003; Wang et al., 2010b). Based on this correlation,
van Donkelaar et al. (2010) and Ma  et al. (2016b) derived spatial
patterns of annual PM2.5 concentrations, indicating that the annual
PM2.5 concentrations of eastern China exceeded 80 �g/m3, which
was much higher than the WHO  standard of 35 �g/m3. In addition
to ground and airborne monitoring, remote sensing and Chemical
Transport Models (CTMs) have also been used for characterizing the
spatiotemporal patterns and simulating the emergence, expansion,
and dissipation of the air pollution (Cuchiara et al., 2014; Wang
et al., 2012a; Wang et al., 2012b; Wang et al., 2010a; Yahya et al.,
2014). For example, such modeling studies have indicated that local
emissions (Shi et al., 2014), regional transport (Lue et al., 2010), and
secondary aerosol generation (Huang et al., 2014) were the main
sources of air pollution, whereas local climate conditions such as
high humidity and low wind speed were the key environmental
controls (Zhang et al., 2009).

The main objective of this study was two-fold: (i) to quantify
the spatial patterns of air pollution on multiple time scales (annual,
daily, and hourly) using landscape metrics; and (ii) to identify the
potential source and sink regions and drivers of air pollution.

2.  Methods

2.1. Data on PM2.5

The annual PM2.5 concentrations in China were retrieved from
the AOD products of MODIS (Moderate Resolution Imaging Spec-
troradiometer) and MISR (Multiangle Imaging Spectroradiometer)
(van Donkelaar et al., 2015). The relationship between total-column
AOD and surface dry PM2.5 concentrations required a conversion
factor which depends on several parameters, including aerosol size,
aerosol type, diurnal variation, relative humidity, and the verti-
cal structure of aerosol extinction (van Donkelaar et al., 2010; van
Donkelaar et al., 2006). These parameters were obtained through
simulations using the GEOS-Chem model (van Donkelaar et al.,
2010; van Donkelaar et al., 2006). A three-year running median
was used to reduce noise in the annual satellite-derived PM2.5 con-
centration from 1999 to 2011 (van Donkelaar et al., 2015).
2.2.  Air quality index

Data  on Air Quality Index (AQI) from China’s national air quality
stations in 161 cities during October 6–12 of 2014 were down-
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Fig. 1. Spatial distribution of the 161 Chinese

oaded from Ministry of Environmental Protection of the People’s
epublic of China (http://www.zhb.gov.cn/) (Fig. 1) and were inter-
olated  spatially using the ordinary Kriging method with ArcGIS
oftware version 10.0. The AQI indicated the potential health
mpacts (Table 1). The actual concentrations (Cp) of six air pollu-
ants (SO2, NO2, CO, O3, PM10, and PM2.5) were used to calculate
QI (MEP, 2012b):

AQIn = (IAQIHi − IAQILo) × Cp − BPLo
BPHi − BPLo

+ IAQILo (1)

QI = max{IAQI1, IAQI2, IAQI3, IAQI4, IAQI5, IAQI6} (2)

here  IAQIn (n = 1,2,3,. . .6) is the individual air quality index for
O2, NO2, CO, O3, PM10, and PM2.5, respectively, BPLo is the break-
oint concentration at the lower limit of the AQI categories, BPHi is

he break-point concentration at the upper limit of the AQI cat-
gories, IAQILo is the index value at the lower limit of the AQI
ategories, and IAQIHi is the index value at the upper limit of the
QI categories (Table 2). AQI is the maximum value of all IAQIn.
 having national air quality stations in 2014.

2.3. Quantifying spatial pattern and movement of air pollution

We  analyzed the spatial patterns of air pollution on three time
scales: the annual, daily, and hourly scales. At the annual scale,
we defined an area as “non-polluted” if the annual average PM2.5
concentration over it was  <35 �g/m3, which was the first interim
target of WHO  (WHO, 2005) and also the air quality standard used
in China (MEP, 2012a). Accordingly, an area with annual average
PM2.5 concentration of ≥35 �g/m3 was  considered “polluted”. At
the daily and hourly scales, AQI <150 was chosen as the threshold
value to classify non-polluted and polluted areas (MEP, 2012b).

Landscape  pattern metrics have long been used to characterize
spatiotemporal dynamics of various kinds of landscapes in ecolog-
ical and geographical sciences (Buyantuyev et al., 2010; Li et al.,
2013a; Li et al., 2013b; Wu  et al., 2011). Recently, landscape metrics

also have been successfully applied to investigate the relation-
ship between urban patterns/forms and air pollution (Bechle et al.,
2011; Bereitschaft and Debbage, 2013; Borrego et al., 2006; Lv and
Cao, 2011). In this study, we  selected five class-level landscape

http://www.zhb.gov.cn/
http://www.zhb.gov.cn/
http://www.zhb.gov.cn/
http://www.zhb.gov.cn/
http://www.zhb.gov.cn/
http://www.zhb.gov.cn/
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Fig. 2. Spatial patterns of annual PM2.5 concentrations (�g/m3) in China from 1999 to 2011. We created these maps with ARCGIS 10.0 software. Original PM2.5 concentration
data were from van Donkelaar et al., 2015 and spatial resolution was  0.1◦ .
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Fig. 3. Spatiotemporal patterns of air-polluted areas (annual average PM2.5 c

etrics to quantify the spatial distribution patterns of air pollu-
ants because of their effectiveness for characterizing the spatial
xtent, aggregation, and interspersion of landscape elements from
revious studies of urbanization impacts on environmental con-
itions, such as biodiversity, net primary productivity, and urban
eat islands (Buyantuyev and Wu,  2010; Buyantuyev et al., 2010;
i et al., 2013a; Li et al., 2013b; Wu,  2004; Wu et al., 2011; Wu
t al., 2002). They are: Total Area (TA), Largest Patch Index (LPI),
atch Density (PD), Landscape Shape Index (LPI), and Aggregation

ndex (AI) (Table A.1). Total Area is simply the sum total of all air-
olluted patches, where a “patch” is a contiguous air-polluted area.
argest Patch Index is the area of the largest polluted patch relative
o the whole study area (i.e., China). Patch Density is the number

f patches per unit area, suggestive of the degree of fragmenta-
ion or interspersion of polluted areas. Landscape Shape Index is

 normalized perimeter/area ratio of patches, a measure of the
hape complexity of air-polluted patches. Aggregation Index (He
tration >35 �g/m3) in China as described by five class-level pattern metrics.

et  al., 2000) measures the degree of aggregation or clumping of
polluted patches and considers only the adjacencies between pol-
luted patches. All the selected metrics were computed with the
FRAGSTATS software (v4.2) (McGarigal et al., 2012).

Two methods were used to determine the movement of air-
polluted areas beyond pattern analysis. One was  tracing the
geometric center of the largest air pollution patch (AQI >200 or
150) in a specific air pollution event using the ARCGIS 10.0 soft-
ware. The other was  simulating the transport of air masses using
a process-based HYSPLIT (Hybrid Single-Particle Lagrangian Inte-
grated Trajectory) model (Rolph, 2016; Stein et al., 2015).

3.  Results
3.1. Spatiotemporal patterns of air pollution on the annual scale

From  1999–2011, annual PM2.5 concentrations in China gen-
erally increased in both spatial extent and intensity (Fig. 2). High
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ig. 4. Temporal changes in the spatial pattern of daily AQI in China during Oct. 6
ollution event (AQI > 150) that occurred in the North China Plain from Oct. 7 to Oc

oncentrations of PM2.5 occurred over a vast region of China, rang-
ng from southern Inner Mongolia to Guangdong latitudinally, and
rom the east coast to central Sichuan longitudinally, plus the
outhern part of Xinjiang Province (Fig. 2). In particular, the highest
oncentrations occurred in the North China Plain (Beijing, Tianjin,
ebei, Shandong, Henan, northern Jiangsu, and northern Anhui)
nd the middle and lower reaches of the Yangtze River Basin (Fig. 2).

The air-polluted areas (i.e., places with annual average PM2.5
oncentrations of higher than 35 �g/m3) increased rapidly from
bout 2 million km2 in 1999 to about 2.8 million km2 in 2006, and
hen began to decline slightly after 2006 (Fig. 3a). The total pop-
lation living within the air-polluted areas was about 975 million

n 2010 (about 70% of China’s population; population data derived
rom LandScan 2010 dataset (Bright et al., 2011)). The largest con-
iguous region of air pollution occurred over the North China Plain
nd the middle and lower reaches of the Yangtze River Basin,
ccounting for 14% of China’s total land area in 1999 and 22% in 2011
Fig. 3a). Landscape Shape Index exhibited a quite similar temporal
attern to that of total air polluted areas (Fig. 3b). Patch Density of

ir polluted areas decreased from 1999 to 2006, and then increased
apidly from 2006 to 2011 (Fig. 3b). Aggregation Index increased
rst, peaking in 2006, and then began to decline (Fig. 3c).
2014, highlighting the emergence-coalescence-dissipation process of a severe air
014.

3.2. Spatiotemporal patterns of air pollution on the daily scale

To  understand the spatial patterns of air pollution on finer tem-
poral scales, we  also examined a regional air pollution event (AQI
>150) that emerged, expanded, and then dissipated in the North
China Plain during Oct. 6–12, 2014 (Fig. 4). Changes in the spatial
pattern metrics indicated some key attributes of the spatial dynam-
ics of this event. Total Area, Largest Patch Index, Landscape Shape
Index, and Aggregation Index of air-polluted areas all increased
from Oct. 7 to Oct. 9, and then decreased from Oct. 9 to Oct. 12
(Fig. 5a to c). Patch Density of air polluted areas increased initially
from Oct. 7 to Oct. 8, and then decreased rapidly from Oct. 9 to Oct.
12 (Fig. 5b).

3.3.  Spatiotemporal patterns of air pollution on the hourly scale

At  the hourly scale, more details were revealed about the spa-
tiotemporal pattern of the regional air pollution event in the North
China Plain during Oct. 6–12, 2014: the pollution occurred and

expanded from 21:00 of Oct. 6–00:00 of Oct. 8 (Fig. 6a to k), sus-
tained from 00:00 of Oct. 8–15:00 of Oct. 11, finally weakened and
dissipated from 15:00 of Oct. 11–12:00 of Oct. 12 (Fig. 6l to s). Dur-
ing this period, Total Area, Largest Patch Index, Landscape Shape
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ig. 5. Spatiotemporal patterns of air-polluted areas in China during Oct. 7–12, 20
orresponding to the maps in Fig. 4, and hourly patterns were illustrated in (d)–(f),

ndex, and Aggregation Index of air-polluted areas generally peaked
uring nighttime and slightly decreased during daytime (Fig. 5d to

).
The geometric center of the largest air-polluted patch was at

he junction of the Hebei, Henan, and Shandong Province on Oct.
, moved northward and sustained mostly in Beijing-Tianjin-Hebei
egion during Oct. 7–11, and then moved southward and dissipated
n Shandong Province on Oct. 12 (Fig. 7). The trajectories under

ore rigid criteria (AQI >200 than 150) indicated that the Beijing-
ianjin-Hebei region was the center of severe pollution (Fig. 7).
he simulated trajectories of air masses with HYSPLIT model were
lso shown that air pollutants could move northward from Henan
nd Shandong Province to Beijing, Tianjin, and Shijiazhuang during
ct. 7 and Oct. 8, 2014 (Fig. 8). Several locations of burning crop

talks were identified from the daily reports of the Chinese Min-
stry of Environmental Protection, most of which were adjacent to
he trajectories of air masses (Fig. 8).

. Discussion

.1. Quantifying spatiotemporal patterns of air pollution on
road  scales

The  results of our analysis with landscape metrics clearly indi-
ated that air-polluted areas in China expanded rapidly during our
tudy period (1999–2011), with the highest increase rate occur-

ing between 1999 and 2006 (Fig. 3a). The unprecedented scale
f urbanization, rapid economic growth, and increasing energy
se took place on currently with the deterioration of air pollution
Fritze, 2004; Wu  et al., 2014). An increase in Aggregation Index
escribed by five class-level pattern metrics. Daily patterns were shown in (a)–(c),
ponding to the maps in Fig. 6.

and  a decrease in Patch Density from 1999 to 2006 indicated that
many scattered air-polluted areas merged into fewer, larger and
more clumped patches, hanging mainly over the North China Plain,
the middle and lower reaches of the Yangtze River Basin, the Pearl
River Delta, and the Sichuan Basin. These regions include Beijing,
Tianjin, Zhengzhou, Shanghai, Guangzhou, Chengdu and a dozen
other densely populated megacities.

A decrease in Aggregation Index and an increase in Patch
Density from 2006 to 2011 resulted from previously clumped air-
polluted patches splitting into smaller pieces. The slight decreases
in Total Area, Largest Patch Index, and Landscape Shape Index
of air-polluted areas suggested a slowdown or even a halt of
the deterioration of air pollution during this period. According
to the Statistical Yearbook of China (http://www.stats.gov.cn/tjsj/
ndsj/),  the country’s annual emissions of SO2 and PM peaked in
2006 and 2005, respectively, and then started to decline. A main
reason for this temporary air quality improvement might have
been the implementation of flue-gas desulfurization in electricity-
generating plants required by the Chinese government, leading to
substantial reductions of SO2 (a precursor of PM2.5) emissions since
2006 (Li et al., 2010). In addition, the efficiency improvement in
central heating systems in Chinese cities also reduced the urban
household energy consumptions and PM2.5 emissions (Guan et al.,
2014).

4.2. Quantifying spatiotemporal patterns of air pollution on fine

scales

Using  Largest Patch Index, we were able to identify that the
largest contiguous air-polluted patch with high PM2.5 concentra-

http://www.stats.gov.cn/tjsj/ndsj/
http://www.stats.gov.cn/tjsj/ndsj/
http://www.stats.gov.cn/tjsj/ndsj/
http://www.stats.gov.cn/tjsj/ndsj/
http://www.stats.gov.cn/tjsj/ndsj/
http://www.stats.gov.cn/tjsj/ndsj/
http://www.stats.gov.cn/tjsj/ndsj/
http://www.stats.gov.cn/tjsj/ndsj/
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ion occurred in the North China Plain (Fig. 3a). To understand this
eavily polluted region in greater detail, we further analyzed the
patial dynamics of a regional air pollution event on finer tempo-
al scales. The five landscape metrics together captured the entire
rocess of the event: from emergence to expansion and dissipation.
otal Area, Largest Patch Index, Landscape Shape Index, and Aggre-
ation Index all increased first, then peaked at different times, and

nally decreased, exhibiting a unimodal pattern. Patch Density was

ow at both the beginning and the end of the severe air pollution

ig. 6. Temporal changes in the spatial pattern of hourly AQI in China, showing that the s
1:00 of Oct. 6 and 00:00 of Oct. 8 (a–k), and then weakened and dissipated between 15:
ors 76 (2017) 344–356 351

event,  and reached its highest value in between, thus exhibiting a
bimodal pattern (Fig. 5b).

Compared to those at the daily scale, the changing patterns of
Total Area, Largest Patch Index, Landscape Shape Index, and Aggre-
gation Index at the hourly scale peaked mostly during nighttime
and decreased slightly during daytime. This diurnal pattern can
be explained largely by micrometeorological changes induced by

land-atmospheric interactions. At sunset, the ground surface cools
faster than the atmosphere, which often leads to the inversion of the
normal vertical temperature gradient at low altitudes in the lower

evere air pollution event occurred and expanded in the North China Plain between
00 of Oct. 11 and 12:00 of Oct. 12, 2014 (l–s).
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tmosphere (a.k.a., temperature inversion), thus hindering the dis-
ipation of air pollution upward during nighttime (Pardyjak et al.,
009; Pope and Wu,  2014a). While this emergence-coalescence-
issipation  pattern of a heavy air pollution event is can be readily
erceived, quantifying it in space and time with landscape met-
ics improves the precision of our understanding and helps impact
ssessment and policy-making with regard to air pollution.

.3.  Identifying source and sink areas of air pollution

By computing the geometric center and tracing the movement
rajectory of air pollution, we were able to identify the potential
ource and sink areas for a severe air pollution event in China during
ctober of 2014. Specifically, the air pollution center was formed in
enan Province, western Shandong Province, and southern Hebei
rovince on Oct. 7, 2014 (Fig. 7), indicative of this region as potential
ource area. During Oct. 8–11, 2014, the center of this heavy pol-
ution (AQI >200) moved to the Beijing-Tianjin-Hebei region, and
hen it moved southward to eastern Shandong Province, and dissi-
ated by northwest wind finally, indicating that eastern Shandong

rovince was a sink area for this particular event.

The North China Plain was a densely populated and highly
rbanized region with the highest frequency of haze events during
he past several decades (Hu and Zhou, 2009; Wang et al., 2012a).
inued)

Our  study suggests that burning of crop stalks in Hebei Province,
Henan Province and Shandong Province may  be one of the potential
leading factors, in addition to industrial and motor vehicle emis-
sions, for generating regional air pollution events. PM2.5 and other
kinds of air pollutants from burning crop stalks maybe transported
by southerly wind to the Beijing-Tianjin-Hebei region (Fig. 8). PM2.5
is both a primary and secondary pollutant, which can be emit-
ted directly from vehicle exhaust, agricultural biomass burning,
and industrial plants, or formed from Secondary Organic Aerosols
(SOA) and Secondary Inorganic Aerosols (SIA) (Beijing Municipal
Environmental Protection Bureau, 2014; Huang et al., 2014). These
sources have also been found important within the Beijing-Tianjin-
Hebei region (Huang et al., 2014). In addition, reduced wind speed
and high relative humidity in this region are two key environmen-
tal factors hindering pollution dissipation (Tao et al., 2014; Wang
et al., 2012a).

4.4.  Robustness of the results and future directions

Dense air quality monitoring stations in eastern China provide

enough samples for reliable interpolation of AQI  values within this
region. However, air quality monitoring stations in western China
are sparse, resulting in less accurate interpolated values of AQI. In
particular, the interpolated AQI values for the provinces of Xinjiang,
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Fig. 7. The geometric center and trajectory of the largest air pollution patch (hourly AQI > 150 as thinner dashed lines and AQI > 200 as thicker dashed lines) in the North
C  was d
w

T
r
p
b
t
C

n
n
l
2
d
s
a

hina Plain between 21:00 of Oct. 6 and 12:00 of Oct. 12, 2014. The trajectory in (a)
ere calculated and drawn with ARCGIS 10.0 software.

ibet, Qinghai, Gansu, and western Sichuan in Figs. 4 and 6 have
elatively high uncertainties. Nevertheless, the general spatiotem-
oral patterns of air pollution revealed in our study are robust
ecause numerous studies have documented that severe air pollu-
ion events during the recent decades took place mainly in eastern
hina.

To improve the accuracy of air pollution assessment at the
ational level, however, more air quality monitoring stations are
eeded in western China, which should be designed based on

ocal air pollutants and environmental conditions (Pope and Wu,
014a,b). In addition, broad-scale analyses based on remote sensing

ata, such as our study here, should be integrated with fine-scale
ite measurements to better understand the processes and mech-
nisms of the source-sink dynamics of air pollution in China.
rawn per 6 h, and the one in (b) was per 12 h. The geometric center and trajectory

5. Conclusions

Using remote sensing data, field-based monitoring data, and
landscape metrics, we  were able to quantify the spatiotemporal
patterns of air pollution on multiple scales in China. Our results
indicate that the total area, intensity, aggregation, and shape com-
plexity of air-polluted areas increased substantially across China
during the study period. The most severely air-polluted area was
the North China Plain, within which the Beijing-Tianjin-Hebei
region  was  the worst. By quantifying the patch dynamics of air pol-
lution and keeping track of the movement of pollution centers, we

were also able to identify source and sink areas. We  estimated that
the total population affected by air pollution in China during 2010
was about 975 million, accounting for almost 70% of China’s pop-
ulation. Because long-term exposure to high concentrations of air
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ig. 8. Spatial patterns of PM2.5 concentrations and 60-h backward trajectories of a
ct.  6–12:00 of Oct. 8, 2014. Trajectories of air masses at the altitudes of 500 m (a) a
etected by satellite (data from http://www.zhb.gov.cn/). The trajectories of air ma

ollutants has serious detrimental impacts on human health, China
eeds to take immediate and drastic measures to improve its air
uality. Towards this end, the results of our study should be useful

or designing effective policies to control air pollution on regional
nd national levels by explicitly recognizing major source areas and
ovement trajectories.
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