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ABSTRACT:

Air pollution episode, which are periods with excessive air pollutants, can cause a sharp increase in mortality and
morbidity. Nitrogen oxides have an adverse impact on human health and the environment. Previous studies mainly
focus on the time period, the frequency, and the duration during of heavy NO2 pollution, while ignored its spatial
extent which is pivotal in providing early warning and prediction. In this study, we investigated the spatiotemporal
variation of the heavy NO: pollution extent (i.e., heavy pollution center), analyzed its association with
meteorological condition and further predicted its distribution in the future. A case study in Jing-Jin-Ji (J3J),
Yangtze River Delta (YRD) and Pearl River Delta (PRD) urban agglomerations showed that the HPC exhibited
evident seasonal (winter > summer) and inter-city (mega and medium cities> small cities) differences. In
concretion analysis, the HPC areas were negatively correlated with temperature and precipitation, suggesting that
dry and cold meteorological conditions were responsible for the severe NO2 pollution events. Trend analysis
showed that the small and medium cities may serve as the HPC in the future. During the 2005 — 2016, the medium
and small cities in JJJ experience a more rapid increase in NOz concentration in comparison to mega cities.
Meanwhile, in YRD and PRD, a more rapid decrease was witnessed in the mega cities. The results of this study
would provide support for early warning and prediction of heavy air pollutants and offer scientific insights for air
pollution episode management.
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1. INTRODUCTION

Over the last few decades, ecosystems, the Earth’s
climate, and air quality have deteriorated sharply
because of increasing human activities (Ebi and
McGregor, 2008; IPCC Report2014; Seinfeld et al.,
1998). As a major pollutant, nitrogen oxides (NO2) is
receiving growing attention due to its several adverse
outcomes on human(Chiusolo et al., 2011; Samoli et
al., 2006). According to the results of epidemiological
studies, the accumulation of NOz in the human body
can damage the cells of the respiratory tract, cause
inflammation of the respiratory tract, thereby inducing
acute or chronic poisoning, and death(Brunekreef and
Holgate, 2002). Emergency department visits as well
as the mortality for respiratory disease increase
sharply during the heavy pollution episodes, which are
the  periods with  high levels of air
pollutions(Brunekreef and Holgate, 2002). With
knowledge of the extent of heavy pollution, warning
signals can be issued to take timely responses and to
reduce public exposure to air pollution. Therefore, to
effectively control the NO2 concentration and to take
emergency measures towards heavy pollution episode,
it is necessary to analyze the spatiotemporal variation
of the heavy pollution center (HPC).

Meteorological condition play a significant role in air
quality through influencing the emissions, transport,
chemical transformations, and wet or dry removal
processes of air pollutants(Liu et al., 2017; Zhang et
al., 2015; Zhou et al., 2012). According to previous
studies, there is close association between the heavy
pollution episodes and meteorological condition
which is unfavorable to air  pollution
dispersion(Czarnecka and Nidzgorska-Lencewicz,
2011; Wang et al., 2014a). However, previous studies
mainly focused on the influence of meteorology on
the time period, the frequency, and the duration during
of heavy pollution, while few studies have explored

its effects on the extent.

Owing to the difference in population growth rate, the
urban sprawl speed and controlling measures towards
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air pollutants, the NO2 pollution levels of cities with
different urbanization level can experience diverse
change process. On the one hand, the increase in
population is associated with the rise in energy
consumption which can generate large quantities of
air pollutions(Lamsal et al., 2013; Schneider et al.,
2015). On the other hand, urban areas with higher
urban sprawl speed tend to have a less compact urban
form, that is, longer distance between neighborhoods.
As a result of longer distance, the per capita daily
vehicle-miles traveled increase, leading to a higher
emission of NOz(Bechle et al., 2011; Bechle et al.,
2017). At the same time, stringent emissions standards
may encourage some industries to move to
surrounding areas with looser standards. Therefore, it
is still needs to be revealed whether the high pollution
center moves from cities with high urbanization level

to cities with low urbanization level.

Traditionally, NO2 was monitored by ground-level
measurements, however, it is difficult to rely on these
data to analyze the distribution of air pollutions due to
the sparse density of air monitoring stations and the
interference of local conditions(Jin and Holloway,
2015; Lamsal et al., 2013; Schneider et al., 2015).
Satellite remote sensing now provides the opportunity
to quantify the spatiotemporal variations of NO:
pollution at the global scale. Over the past decades,
there are many studies utilizing the satellite remote
sensing data to study the temporal trends of NO2
concentration of cities(Choi and Souri, 2015; Jin and
Holloway, 2015; Jing et al., 2014; Mahajan et al.,
2015; Schneider et al., 2015). However, most of these
studies regard the cities as a whole and neglect the
spatial distribution of NO2 concentration. Therefore,
they can ignore the impact of the urbanization process
on the location of air pollution center.

Urban agglomerations, that is, high-density areas
composed of multiple cities, usually include multiple
cities with different urbanization stages, economic
levels, population density, and pollution control

measures(Fang and Yu, 2017). As some of the most
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populous urban agglomerations in China, the
Jing-Jin-Ji (JJJ), Yangtze River Delta (YRD) and Pearl
River Delta (PRD) have
urbanization and serious NO:z pollution(Jin and
Holloway, 2015; Wang et al., 2014b). Therefore, they
are ideal research objects for analyzing the transfer of

experienced rapid

air pollutants among cities.

The main aims of this study were: 1) to investigate the
relationship between the meteorological conditions
and the spatial variation of the HPC across three urban
agglomerations; 2) to examine temporal variations of
the HPC in three urban agglomerations for the period
of 2005-2016; and 3) to predict the HPC of three
urban agglomerations in the future. Our analysis was
based on multi-source datasets including the Dutch
Ozone monitoring instrument NO2 (DOMINO-V2),
the NCEP/NCAR meteorological reanalysis data and
census data from China Statistical Yearbooks
Database (Yearbook, 2012). The HPC for each city
was obtained by the Jenks natural breakpoint method
and its association with meteorological condition was
examined by the Pearson correlation analysis. The
HPC of urban agglomeration was predict by the linear
regression model and a bootstrap technique. The
results of this study will help to deepen the
understanding of the spatiotemporal variation of HPC,
and will provide support for air pollution control.

2. FEATURES OF THE HPC
2.1 Study Areas

JJJ locates in northern China and covers an area of
217156 square kilometers (Yearbook, 2012). As the
largest urban agglomeration in northern China, JJJ
includes the economic zone of Beijing and Tianjin
around the Bohai Sea. It is composed of 10 cities,
including Beijing, Tianjin, Baoding, Shijiazhuang,
Tangshan, Cangzhou, Langfang, Zhangjiakou,
Chengde and Qinhuangdao. As China's political and
cultural center region and international exchange
center region, JJJ urban agglomeration has
experienced a rapid process of urbanization after the

reform.
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The YRD urban agglomeration is located in the center
of the south of the Yangtze River, where the Yangtze
River enters the East China Sea. The Yangtze River
Delta is one of the most populous areas on the planet,
including Shanghai, one of the world's largest cities,
with a population density of 2700 people per square
kilometer(Yearbook, 2012).1t covers an area of 99600
square kilometers (38500 square miles) and is
composed of 16 cities, including Shanghai, Nanjing,
Wuxi, Changzhou, Suzhou, Nantong, Yangzhou,
Zhenjiang, Taizhou, Hangzhou, Ningbo, Jiaxing,
Huzhou, Shaoxing, Zhoushan and Taizhou.

As one of the most populous urban areas in the world,
the PRD has become the largest and most populous
city in the world. It is located in the intersection of
three rivers, covering an area of 39380 square
kilometers. The PRD is composed of nine
prefecture-level cities in Guangdong Province, namely
Guangzhou City, Shenzhen City, Zhuhai City, Foshan
City, Dongguan City, Zhongshan City, Jiangmen City
and Huizhou City.

N
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30

Figure 1. Study area

2.2 Methods and Materials

2.2.1 Detection of HPC: In order to analyze the spatial
distribution of NO2 within urban agglomeration, the
Jenks natural breakpoint method in Arcgis was utilized
to divide the concentration of NO2 into four categories,
namely, "high", "subhigh", "sublow" and "low"
level(Peng et al., 2016). The Jenks natural breakpoint
method divides the category by maximizing the
inter-class variance and minimizing the intra-class
variance. The level with the highest NO2 concentration
is defined as Heavy Pollution Center (HPC).

NO:2 concentration is obtained from Ozone monitoring
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instrument (OMI). OMI is a visible ultraviolet
spectrometer on board NASA's Aura spacecraft. After
TOMS, OMI records the total amount of several air
pollutants and atmospheric parameters related to air
pollution chemistry and climate(Ziemke et al., 2006).
OMI can distinguish aerosol types such as smoke,
dust and sulfate, measure standard pollutants such as
O3, NO2, SO: and aerosols, and provide cloud
pressure and coverage. As a wide-field imaging
spectrometer, OMI has a cross-section angle of view
of 114 <and can be measured in a global range within
1 day. Its spatial resolution is 13 > 13 km, which can
be used to detect and track pollution sources at the
urban scale(Ziemke et al., 2006). In this study, the
tropospheric NO2 column concentration was collected
from Royal Netherlands Meteorological Institute
during 2005 — 2016(Boersma et al., 2010).

To analyze the spatial distribution of HPC, the cities
of three urban agglomerations were divided into
different level according to the population density
growth rate. According to previous studies, population
density can reflect the urbanization level of cities(Han
et al., 2014). Considering that the population density
can experience rapid variation over 12 years, the
growth rate of population density, instead of the
population density of a given year, was utilized as the
indicator. Cities were categorize into three levels
according to the population density growth rate
provided by the China Statistical Yearbook (Yearbook,
2012): > 10 people per km? (mega city, level 3); 3-5
people per km? (medium city, level 2); < 3 people per
km? (small city, level 1).
2.2.2  Association  between  Meteorological
Condition and HPC: In order to analyze the influence
of meteorological conditions on NO2 concentration,
four meteorological conditions were considered in this
study, including: 1) air temperature, 2) total rainfall, 3)
planetary boundary layer height and 4) wind speed.

For the study period, the monthly mean total rainfall
data at a 0.25<spatial resolution were collected from

the  Tropical Rainfall  Measuring  Mission
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(TRMM)(Council, 2006). The
planetary boundary layer height at 12:00 UTC (the

monthly  mean

closest to the OMI overpass time) was derived from
the Modern-Era Retrospective analysis for Research
(MERRA-2)
dataset(Gelaro et al., 2017). The monthly mean air

and  Applications,  \ersion 2
temperature and wind speed were obtained from the

National Center for Environmental Prediction
(NCEP)/National Center for Atmospheric Research
(NCAR) 40-Year Reanalysis Project, with a spatial
resolution of 25<9Kalnay et al., 1996). Air
temperature was obtained by averaging the monthly
temperature over 2005-2016 at the pressure level

from the surface to 360 hPa.

2.2.3The Prediction of HPC: To predict the location
of HPC, the trend of NO2 concentration was analyzed
by using linear regression model and bhootstrap
sampling method (Choi and Souri, 2015; Gardiner et
al., 2008; Jin and Holloway, 2015).

The existing research shows that this method can
accurately estimate the trend of the data by
considering the uncertainty in the trend, and has been
widely used to study the changing trend of the
long-term behavior of the atmospheric condition and
air pollution(Choi and Souri, 2015; Gardiner et al.,
2008; Jin and Holloway, 2015). In order to remove the
influence of seasonal variation on trend estimation,
Fourier term is combined to the multivariate linear
regression model to simulate the periodicity of
seasonal variation(Gardiner et al., 2008). Although
thelinear regression model obtains robust results in
trend analysis, it is still vulnerable to outliers. In order
to complement the linear regression model, a
bootstrap sampling method with 2000 iterations was
performed. If and only if the confidence interval does
not contain zero, the trend is considered to be

significant.
4
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where m(t)= the monthly average NO2
t=the month

A = the mean of the first year

B =thetrend

C,= the coefficients of the fourier term

D,,= the coefficients of the fourier term

& =the error term

2.3 Results and Discussion

2.3.1 The Relationship between Meteorological
Condition and HPC: Figure 2 shows the spatial
distribution of NO:z concentration in four seasons
within three urban agglomerations. The areas of HPC
varied greatly among different seasons, which reach
largest in the winter. The HPC area of JJJ, YRD and
PRD were 95476.6, 73734 and 5671 km2, respectively.
In summer, the area of HPC is the smallest. The HPC
area of JJJ, YRD and PRD were 3214, 0 and 0 km2,

respectively.

Negative correlations between the HPC areas and the
air temperature were observed (R=0.53, P<0.01) ,
which indicates that the areas of HPC would decrease
with an increase in air temperature. The higher
temperature indicates higher OH concentration which
promote the photolysis of NO2. Therefore, NO2 are
confined more closely to the emitted source regions
during the periods with high temperature. Significant
negative correlation was capture between HPC areas
and precipitation, suggesting the sedimentation and
dilution effect of precipitation on NO2. A positive
correlation is observed between NO2 and wind speed
since stronger winds facilitate the dispersion of air
pollutants from the emission source to surrounding
areas. The PBLH correlates positively with the areas
of HPC, since lower PBLH inhibit dispersion of air
pollutants, leading to the increase in HPC areas.
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Figure 2. The spatial distribution of seasonal HPC in
the JJJ, YRD and PRD

2.3.2 The Temporal Variation of HPC: The
distribution and migration of HPC for the period of
2005-2016 was examined (Figure 3). In 2005, the HPC
of three wurban agglomerations was generally
assembled around the mega-cities. A monocentric
pattern was observed in PRD and YRD, while a
multicentric distribution was captured in JJJ. However,
in YRD, a small number of HPCs were evident in the
medium cities, mainly distributed in YangZhou,
NanJing and Hangzhou. In 2016, the mega cities and
the medium cities in JJJ continue to be dominated by
HPC; however, the area of HPC sharply increased from
the 2005 level.

experienced a dramatic decrease in PRD, due to the

In contrast, the areas of HPC

implement of stringent control measures.

2005 2016
e Lt i :

00 2016 2005 2016 2005 2016
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Figure 3. The spatial distribution and the proportions
of HPC in JJJ, YRD and PRD in 2005 and 2016
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2.3.3 The Prediction of HPC : The trend of NO:
concentration in different city levels was further
investigated (Figure 4). Across the three urban
agglomerations, the trend of NO2 concentration of
mega cities (i.e. level 3) is different from that of
medium cities and small cities. In JJJ, cities at all
levels experienced an increase in NO2 concentration,
while the increase was more rapid in medium and
small cities. In YRD and PRD, a decrease in NO2
concentration was witnessed in most cities, while the
decline was relatively slower in medium and small
cities. It is shown that the medium and small cities

may serve as the HPC in the future.

I'rend of NO; concentration (10" mol/cm?)

1 2 3 1 2 3 [ 1 2
JAJ PRD | YRD
Figure 4. The trend of NO2 concentration during

2005-2016 in cities of different urbanization level
3. CONCLUSION

The heavy pollution center (HPC), which refers to the
areas with high level NO: pollution, was defined and
investigated in this study. Based on the case study of
three  Chinese urban  agglomerations  during
2005-2016, we investigated the spatiotemporal
variation of the HPC, analyzed its association with
meteorological condition and further predicted its
distribution in the future. The following conclusions

were made:

1) The HPC during 2005 to 2016 was characterized by
evident spatiotemporal heterogeneity, and the largest
area were observed in winter, whereas the smallest
areas was captured in winter. The correlation analyses

showed that the HPC areas was negatively correlated
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with temperature and precipitation, indicating that dry
and cold meteorological conditions were responsible
for the severe NO2 pollution events. The HPC varied
greatly among cities, and mega and medium cities

tended to have larger areas than small cities.

2) From 2005 to 2016, the areas of HPC increased
significantly in JJJ, especially in the medium cities,
including the Tangshan and Langfang. In PRD, the
HPC decreased sharply in all-leveled cities,
suggesting the large scale success of air pollution

control strategies targeted at NO..

3) Inter-annually, the NO2z concentration increased
significantly in JJJ, while the increasing rates of
medium and small cities were nearly twice as high as
those in mega cities. A significant decrease trend was
observed in YRD and PRD, and the NO2z decrease
more sharply in mega cities. Hence, the medium and
small cities may serve as the HPC in the future.
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