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Abstract: The evaluation of China’s air pollution and the effectiveness of its governance policies is
currently a topic of general concern in the academic community. We have improved the traditional
evaluation method to construct a comprehensive air quality assessment model based on China’s
major air pollutants. Using the daily air pollutant data of 2015–2018, we calculated and analyzed the
monthly air quality of nine cities in the Pearl River Delta of China, and conducted a comparative study
on the effect of the air pollution control policies of the cities in the Pearl River Delta. We found that the
air quality control policies in those nine cities were not consistent. Specifically, the pollution control
policies of Guangzhou and Foshan have achieved more than 20% improvement. The pollution control
policies of Dongguan and Zhaoqing have also achieved more than 10% improvement. However, due to
the relative lag of the formulation and implementation of air pollution control policies, the air quality
of Jiangmen, Zhuhai and Zhongshan has declined. Based on the analysis of the air quality assessment
results and the effects of governance policies in each city during the study period, we propose
suggestions for further improvement of the effectiveness of air pollution control policies in the region.

Keywords: air quality; air pollutants; effect of governance policies; policy suggestions

1. Introduction

During human production activities, various pollutants are released into the atmosphere [1,2].
These pollutants linger in the atmosphere for a certain period of time and participate in the atmospheric
circulation by exchanging materials with vegetation, ocean, soil, etc. When the concentration of these
pollutants in the atmosphere exceeds the safety threshold, it will cause acute or chronic damage to
humans, animals and plants, directly or indirectly [3–7].

Since China’s reform and opening up in 1978, especially since the beginning of the 21st century,
the extensive economic growth model relying on energy consumption has brought intensive pollutant
emissions [8–12], making environmental pollution one of the most serious social problems in
China [13–16]. Meanwhile, the investment in environmental pollution mitigation and control also
continues to rise (see Figure 1) [17].
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Figure 1. The annual total energy consumption and total investment in environmental pollution 
control in China (2000–2017). 

After entering the 21st century, air pollution in China has transformed from coal-smoke 
pollution to combined pollution made up of coal-smoke and motor vehicle exhaust [18–22]. Its main 
characteristics are smog and photochemical smog occur frequently [23–25]; particulate pollution and 
organic pollution (contaminants in the environment that can be biodegraded by microorganisms) are 
aggravated [26–28]; the concentration of nitrogen dioxide is high (the 24-h average concentration 
exceeds the national standard limit of 80 μg/m ) [29–32], while inhalable particles have become the 
most important contributor to poor air quality [33–36]. According to research of the Chinese 
Academy of Engineering, currently, the concentration of air pollutants (including PM2.5, PM10, NOx, 
etc.) in most cities of China is 5–20 times higher than the highest allowable concentration limit in 
western countries [37]. The Annual Air Quality Report released by the Ministry of Environmental 
Protection of China also pointed out that among the 74 air quality key monitoring cities such as 
Beijing-Tianjin-Hebei, Yangtze River Delta and Pearl River Delta cities, most cities suffer from air 
pollution of varying degrees that exceed regulatory standards [38]. In order to control air pollution, 
the Ministry of Environmental Protection of China issued a stricter Air Quality Standard in 2012, 
which was officially implemented in 2016 [39,40]. This new standard has included the six main air 
pollutants into statistical coverage: sulphur dioxide (SO2), nitrogen dioxide (NO2), particulate matters 
with a particle size of 10 μm or less (PM10), particulate matters with a particle size of 2.5 μm or less 
(PM2.5), carbonic oxide (CO) and ozone (O3). This standard has also issued the technical regulations 
related to the revised Air Quality Index (AQI) and specified the grading schedule, calculation method 
and air quality grades of the new AQI [41]. Therefore, since this new standard and related regulations 
have been implemented for almost three years, it is necessary to study the changes in air pollution of 
the typical regions of China, which bears both academic value and practical significance. 

This paper has selected the nine cities in the PRD region, the typical region which can represent 
the economic development and air pollution in China, as the object of this study. The PRD region is 
located in the south-central part of Guangdong Province, China’s number one province with the 
strongest economy (see Figure 2). 

Figure 1. The annual total energy consumption and total investment in environmental pollution control
in China (2000–2017).

After entering the 21st century, air pollution in China has transformed from coal-smoke pollution to
combined pollution made up of coal-smoke and motor vehicle exhaust [18–22]. Its main characteristics
are smog and photochemical smog occur frequently [23–25]; particulate pollution and organic pollution
(contaminants in the environment that can be biodegraded by microorganisms) are aggravated [26–28];
the concentration of nitrogen dioxide is high (the 24-h average concentration exceeds the national
standard limit of 80 µg/m3) [29–32], while inhalable particles have become the most important
contributor to poor air quality [33–36]. According to research of the Chinese Academy of Engineering,
currently, the concentration of air pollutants (including PM2.5, PM10, NOx, etc.) in most cities of
China is 5–20 times higher than the highest allowable concentration limit in western countries [37].
The Annual Air Quality Report released by the Ministry of Environmental Protection of China also
pointed out that among the 74 air quality key monitoring cities such as Beijing-Tianjin-Hebei, Yangtze
River Delta and Pearl River Delta cities, most cities suffer from air pollution of varying degrees that
exceed regulatory standards [38]. In order to control air pollution, the Ministry of Environmental
Protection of China issued a stricter Air Quality Standard in 2012, which was officially implemented
in 2016 [39,40]. This new standard has included the six main air pollutants into statistical coverage:
sulphur dioxide (SO2), nitrogen dioxide (NO2), particulate matters with a particle size of 10 µm or
less (PM10), particulate matters with a particle size of 2.5 µm or less (PM2.5), carbonic oxide (CO) and
ozone (O3). This standard has also issued the technical regulations related to the revised Air Quality
Index (AQI) and specified the grading schedule, calculation method and air quality grades of the
new AQI [41]. Therefore, since this new standard and related regulations have been implemented for
almost three years, it is necessary to study the changes in air pollution of the typical regions of China,
which bears both academic value and practical significance.

This paper has selected the nine cities in the PRD region, the typical region which can represent
the economic development and air pollution in China, as the object of this study. The PRD region
is located in the south-central part of Guangdong Province, China’s number one province with the
strongest economy (see Figure 2).
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In 2017, the regional GDP of the PRD region reached 7.58 trillion Yuan, accounting for 79.7% of 
Guangdong Province’s total GDP [42], and 9.17% of China’s national GDP [43]. The PRD region is 
indeed one of the core urban agglomerations in China’s economy. However, at the same time, with 
the accelerating urbanization in the PRD region, rapid development of its industrial and construction 
industries, and ever-growing energy consumption, there has also been a sharp increase in the air 
pollutant emissions, resulting in deteriorating air quality and frequent occurrence of haze weather 
(see Figure 3) [44]. 

Figure 2. Pearl River Delta in China.

In 2017, the regional GDP of the PRD region reached 7.58 trillion Yuan, accounting for 79.7% of
Guangdong Province’s total GDP [42], and 9.17% of China’s national GDP [43]. The PRD region is
indeed one of the core urban agglomerations in China’s economy. However, at the same time, with
the accelerating urbanization in the PRD region, rapid development of its industrial and construction
industries, and ever-growing energy consumption, there has also been a sharp increase in the air
pollutant emissions, resulting in deteriorating air quality and frequent occurrence of haze weather (see
Figure 3) [44].
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According to official statistics, in 2013, the number of haze days (when one or more major 
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Figure 3. Monthly average concentration of the six major pollutants in cities in the Pearl River Delta,
June 2018: (a) PM2.5 (µg/m3); (b) PM10 (µg/m3); (c) SO2 (µg/m3); (d) NO2 (µg/m3); (e) CO (mg/m3);
(f) O3 (µg/m3) (The concentration value intervals in the above figures are all automatically generated
by the system).

According to official statistics, in 2013, the number of haze days (when one or more major pollutant
concentration indicators exceeded the limits in the national standard [39]) in the PRD region reached
65 days. The average concentration of nitrogen dioxide reached 42 µg/m3, which was higher than
the national standard; the average concentration of inhalable particles reached 70 µg/m3, which had
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increased by 18.6%; the average concentration of PM2.5 was 47 µg/m3, which had not met the national
Level II air quality standard [45].

The academia has also paid close attention to the air quality of the PRD urban agglomeration.
Lin et al. selected six cities in the PRD region to study the relationship between the hourly peak
concentration of PM2.5 and the mortality rate. By using the generalized additive Poisson models, they
found significant associations between these two and pointed out that the hourly peak concentration
of PM2.5 might be an important factor of the mortality rate of the PRD region [46]. Yang et al. used the
high-resolution pollution maps to study the exposure of local residents to air pollution and the health
effects of air pollution in the PRD region. By using the Land Use Regression (LUR) models and based
on ground-based measurements, they generated high-resolution pollution maps for both PM2.5 and
NO2 in the PRD region. By using the above research methods, their model could explain 60.5% of
the spatial variation in NO2 and 88.4% of the spatial variation in PM2.5 in the PRD region [47]. Xu et
al. studied the influence of city features on the spatial variations of urban carbon sinks based on the
geographic proximity data of the PRD region. They found that in the PRD region: (1) Carbon sink
function varied with both the distance from the city center and with the city size. The lowest carbon
sink may be observed around suburban industrial zones. (2) Carbon sinks decreased with increases in
road grades and were lowest near the city expressways [48]. Liu et al. studied the effects of shipping
emissions on urban air quality in the PRD region. By using the Shipping Emission Calculation model
and an Air Quality Simulation model, they found that in 2013, on average, marine shipping emissions
contributed 0.33 µg/m3 and 0.60 µg/m3 respectively to the land SO2 and PM2.5 concentrations in the
PRD region [49]. Wang et al. quantified and studied the relationship between the urban form and CO2

emission efficiency in the PRD region. After calculating the CO2 economic efficiency (CEE) and CO2

social efficiency (CSE) of various cities in the PRD region from 1990 to 2013, they further introduced
seven landscape metrics to quantify three dimensions of the urban form (extension, irregularity, and
compactness) by using remote sensing data. Finally, they discovered a negative correlation between
urban sprawl and CEE as well as CSE. They also found out that the urban growth in the PRD region
decreases CO2 economic efficiency [50]. By using the WRF-CMAQ Model, Huang et al. studied the
source apportionment of PM2.5 in the dry season (November 2010) of the PRD region and adopted
the Brute-Force method (BFM) to simulate the contribution of different regions to the PM2.5 pollution
in this region. They found that local emissions are important contributors to the PM2.5 pollution in
Guangzhou and Foshan; meanwhile, emissions from Dongguan and Huizhou also contribute to the
PM2.5 pollution in Guangzhou; while emissions in Guangzhou, Dongguan and Huizhou are major
contributors to the PM2.5 pollution in Foshan [51].

However, there are still some deficiencies in the studies of air quality of the PRD cities.

(1) They didn’t take all the six air pollutants covered by China’s current air quality measurement
standards into account. Most studies only focused on particulate pollutants such as PM2.5 and PM10.

(2) In the current national air quality standards of China, the calculation of the Air Quality Index
(AQI) only depends on the air pollutant with the highest concentration value, which cannot fully
reflect the overall air quality of PRD cities [39].

(3) The upper limit for various air pollutants’ concentration index in China’s current national air
quality standards is not reasonable. For example, the upper limit for the 24-h average PM2.5 index
is only 500, which is often exceeded in the actual measurement in both PRD region and across the
country, which is also referred to as “off-the-chart” [41].

Therefore, based on the monthly monitoring data of the six pollutants in various PRD cities
published by the Ministry of Environmental Protection [52], and the Guangdong Provincial Department
of Environmental Protection [53], this paper has constructed a comprehensive air quality evaluation
model that covers the six major air pollutants in China (SO2, NO2, PM10, PM2.5, CO and O3) by
introducing the entropy value into the traditional TOPSIS method. Furthermore, this paper has
quantified and compared the air quality of different PRD cities based on the data of the six major air
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pollutants in those cities from July 2015 to June 2018. By comparing the air quality scores of different
PRD cities and analyzing the effectiveness of their respective air pollution control policies, this paper
aims to provide a scientific basis for the design and implementation of future pollution control policies
in the PRD region.

In the following parts of this paper, we have completed the following research work:
(1) constructing the TOPSIS Comprehensive Evaluation model that has introduced the entropy
value; (2) calculating the air quality scores of various PRD cities by using the comprehensive evaluation
model and the data of the six major air pollutants from July 2015 to June 2018; (3) analyzing the main
reasons behind the fluctuations in air quality scores of different PRD cities based on the calculation
results, and (4) providing conclusions of this paper as well as policy recommendations for future air
pollution control in the PRD region based on the calculation results and analysis in previous parts.

2. Materials and Methods

As a comprehensive evaluation method for multi-objective decision making based on limited
options, the TOPSIS evaluation method has a lot of advantages in that it can eliminate the dimensional
differences between different indicators by normalizing the raw data, make full use of the normalized
data, and obtain the evaluation scores of different options or plans by objectively reflecting the gap
between different options and plans [54–56]. However, there are still some problems in the application of
this method. For example, the weight of various indicators is given in advance, which means the evaluation
result is based on subjective judgment to some extent [57,58]. In order to make up for this imperfection of
the TOPSIS evaluation method and more objectively evaluate the air quality of the PRD cities based on the
six major air pollutants, this paper has integrated the entropy value into the TOPSIS evaluation method
based on research trends in recent years to scientifically calculate the weight of each indicator and achieve
more objective evaluation results [59–61]. The specific calculation steps are as follows:

2.1. Normalization
Let the Decision Matrix of the Air Quality Evaluation Problem P be A, which can be written as:

A =


f11

f21
...

fm1

f12

f22
...

fm2

· · ·

· · ·

. . .
· · ·

f1n
f2n
...

fmn

. (1)

As the dimensions of different evaluation indicators in the decision-making problem are not
aligned, we need to normalize the elements fi j of the Decision Matrix A:

Z′i j =
fi j√∑m
i=1 f 2

i j

(i = 1, 2, · · · , m, j = 1, 2, · · · , n) (2)

Using the above formula, we could obtain the normalized decision matrix Z′ as below:

Z′ =


Z′11
Z′21

...
Z′m1

Z′12
Z′22

...
Z′m2

· · ·

· · ·

. . .
· · ·

Z′1n
Z′2n

...
Z′mn

 (3)

2.2. Determine the Weight of Different Indicators by the Entropy Method

(1) Calculate the proportion of the ith option or plan with the jth indicator (Pi j):

Pi j =
Z′i j∑m

i=1 Z′i j
, (i = 1, 2, · · · , m; j = 1, 2, · · · , n). (4)
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(2) Calculate the entropy value of the jth indicator (e j). Here we apply the practice in the academic
world to associate entropy with atmospheric pollutants [62,63]:

e j = −k×
m∑

i=1

Pi jlnPi j (5)

where ln is the natural logarithm, and the constant k is related to the number of options or plans
(m). Generally, let k = 1

lnm , and we would have 0 ≤ e j ≤ 1.
(3) Calculate the variation coefficient of the jth indicator (g j). For the jth indicator, the bigger the

variation coefficient, the smaller the entropy value is, i.e.,

g j = 1− e j (6)

(4) Calculate the weight of the jth indicator:

W j =
g j∑n

j=1 g j
. (7)

2.3. Construct the Normalized Weighted Decision Matrix

After obtaining the weights of different indicators, this paper further constructs the normalized
Weighted Decision Matrix Zi j:

Zi j = W jZ′i j(i = 1, 2, · · · , m, j = 1, 2, · · · , n) (8)

in which W = (W1, W2, · · · , Wn), which represents the weights of various indicators.

2.4. Calculate the Comprehensive Evaluation Score of Various Options/Plans

After constructing the normalized weighted decision matrix, this paper has determined the best
and the worst air quality solutions through below formula, i.e., the optimal solution (Z+) and the
negative optimal solution (Z−) of this model:

Z+ =
(
Z+

1 , Z+
2 , · · · , Z+

n

)
=

{
maxiZi j

∣∣∣ j = 1, 2, · · · , n
}

(9)

Z− =
(
Z−1 , Z−2 , · · · , Z−n

)
=

{
miniZi j

∣∣∣ j = 1, 2, · · · , n
}
. (10)

Then, this paper has further calculated the relative proximity between the air quality values of
various PRD cities (Zi) and the optimal solution:

S+
i =

√√√ n∑
j=1

(
Zi j −Z+

j

)2
(i = 1, 2, · · · , m) (11)

S−i =

√√√ n∑
j=1

(
Zi j −Z−j

)2
(i = 1, 2, · · · , m). (12)

At last, the air quality evaluation results (Ci) of various cities could be obtained by the formula
below:

Ci =
S−i

S−i + S+
i

(0 ≤ Ci ≤ 1, i = 1, 2, · · · , m). (13)

According to this formula, the higher the Ci score, the better the city’s air quality is; while the
lower the Ci score, the worse the city’s air quality is.
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3. Results

This study is based on the official monitoring data of the air quality or air pollutants of various
PRD cities from July 2015 to June 2018, published by China’s National Environmental Monitoring
Center [64], Data Center of China’s Ministry of Environmental Protection [52], and Guangdong
Provincial Department of Environmental Protection [53]. This dataset includes the daily concentration
data of six major air pollutants (PM2.5, PM10, CO, NO2, O3 and SO2) in 1096 days, which is complete.
Based on the daily data, we calculated the monthly average concentration data of the six pollutants in
nine PRD cities within the study period.

Based on the official statistical data of air pollutants as mentioned above and by using the TOPSIS
comprehensive evaluation model which combined the entropy value as described in Part 2 (please refer
the MATLAB algorithms in Appendices B and C), this paper has calculated the air quality evaluation
scores of the nine cities in the PRD region from July 2015 to June 2018 as shown in Figure 4 below
(please also refer to Tables A1–A4 in Appendix A).
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4. Discussion

Based on the above calculation results, this paper has found distinct differences in the air quality
of different PRD cities from July 2015 to June 2018, with clear seasonal trends. More specifically:

(1) The air quality of the four cities of Guangzhou, Foshan, Dongguan and Zhaoqing has shown
significant improvement when comparing the ending score with that of the beginning period,
with improvement of 25%, 22%, 16% and 15% respectively. However, what is worth noticing is
that the overall air quality of these four cities during the study period is far from satisfaction. The
air quality score of Guangzhou has ranked bottom among PRD cities for several months before



Atmosphere 2019, 10, 412 12 of 21

September 2016 and only improved gradually until the latter half of 2017; although the air quality
score of Dongguan has been among the top tier in the PRD region since October 2017, its level in
the first half of the study period is not so optimistic; while the overall air quality score of Foshan
and Zhaoqing has not been ideal. The main reason for this is: as the provincial capital and a
megacity, Guangzhou has always been high on industrial waste gas emissions and the number
of mobile pollution sources such as motor vehicles [65], which has taken a toll its air quality,
while the poor air quality of Dongguan, Foshan and Zhaoqing has something to do with their
geographical location; these three cities are located in the hinterland of the PRD, so they are not
only affected by the pollutants from the northern part of China but also susceptible to pollution
transmitted from other cities [66,67]. Faced with such a serious situation, these four cities have
taken active measures to improve their air quality. After scientifically analyzing the main sources
of its air pollutants, Guangzhou has made industrial firing coal (mainly for industrial boilers),
motor vehicle and ship emissions, volatile organic compounds (VOC) and dust pollution as their
key pollution control targets, and completed the construction of an Air Quality Monitoring and
Early Warning Center in early 2018 in order to closely monitor and control the air quality of the
entire city. After investigating their city’s pollution sources, Dongguan has made a list of key
monitoring areas and enterprises for air pollution prevention and control and helped enterprises
make plan adjustments based on scientific information according to the seasonal characteristics
and wind directions to minimize air pollution. Foshan and Zhaoqing have made industrial
firing coal, construction site earthwork and high-emission vehicles as their main targets for air
pollution prevention and control, and adopted measures including environmental regulation
and technology upgrading to better monitor and manage air pollution sources. Although these
pollution control measures have achieved certain results, whether these four cities could continue
to maintain the improved air quality still requires further study based on new data to be acquired.

(2) Although during the study period, Shenzhen and Huizhou have not achieved such a significant
improvement in air quality as Guangzhou did (Shenzhen’s and Huizhou’s air quality scores have
improved by 4.6% and 7.8% respectively), since October 2017, the air quality scores of these two
cities have been ranked top among PRD cities. Based on the annual framework of air pollution
control designed by Guangdong Province, Shenzhen has set up the air pollution control targets
and key measures based on a three-year cycle and emphasized on the air pollutants generated
from its industrial, construction, shipping and catering industries according to the city’s own
characteristics. For the industries, it has pushed forward measures such as the clean production
transformation in coal-fired power generation, management of volatile organic compounds
(VOCs) from production lines and the furniture industry, and rectification or shut-down of
polluting enterprises. It has issued a series of local regulations regarding the above measures and
achieved significant results. At the same time, Shenzhen has made great efforts to rectify mobile
pollution sources with the help of technological advancement. By the end of 2017, Shenzhen had
upgraded all its buses to 100% electric power-driven, and become the city in the entire world
with the largest number of electric buses [68,69]. Huizhou has also made advances in pollution
control policies. In the management of industrial pollution sources, it has adopted advanced
technologies to control smoke and dust emissions and completed the low-emission transformation
of coal-fired power plants in the city with help of the low-nitrogen combustion technology and
flue gas denitration technology. Regarding the other two major polluting industries in the city;
the cement production industry and auto repair industry, Huizhou has actively promoted the
denitration technology and water-based paint transformation technology and facilitated the
development of new-energy vehicles by means of government subsidies. These policies have
achieved remarkable results in improving urban air quality.

(3) The air quality of the three cities of Jiangmen, Zhuhai and Zhongshan has declined during the
study period, by 13%, 11% and 7.2% respectively. On the one hand, this is due to the geographical
location of these cities. These three cities are located at the southern end of the Pearl River Delta.
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Although the geographical proximity to the ocean makes their air pollutants more easily blown
away by the sea breeze, all three cities are in the downwind direction and are still affected by air
pollutants from the upwind cities. The main wind direction in the PRD region is the north wind,
especially in autumns and winters [70,71]. Therefore, the air quality of these three cities at the
downwind direction has shown a clear decline during autumns and winters. Moreover, since
September 2017, the wind speed in the PRD region has weakened [72,73], and thus the lingering
time of air pollutants such as ozone and particulate pollutants in these cities increased, which has
also aggravated the deterioration of air quality in these three cities. On the other hand, the time
that these three cities started to implement air pollution control policies has been comparatively
late, which has also led to severe air pollution to some extent. For example, Jiangmen didn’t begin
to set up a gridded air pollution monitoring system that accurately locates pollution sources
until the second half of 2017. Although the construction pace of the system has been fast, it is
comparatively late in terms of the whole pollution control campaign. Zhuhai has also issued
its annual air pollution control plan based on the annual framework of air pollution control
designed by Guangdong Province, but this plan is clearly not as detailed as that of Shenzhen and
Huizhou, and has not reflected its own city characteristics. Historically speaking, the air quality
of Zhuhai has been good. In 2016 and 2017, the air quality of Zhuhai has ranked top for several
times among the key monitoring cities of China according to the data released by the Ministry of
Environmental Protection, which is also agreed by the calculation results of this paper. However,
it is worth noticing that Zhuhai’s air quality has decreased since 2018 and has been overtaken
by that of Shenzhen. The formulation and implementation of air pollution control policies in
Zhongshan are also lagging behind. The “Plan for Zhongshan City Air Pollution Prevention
and Control Enhancement Measures”, which accurately broke down the city’s pollution sources,
was only adopted in October 2017, and the gridded air quality monitoring system of Zhongshan
only started construction afterwards, even later and slower in progress than that of Jiangmen.
Moreover, as far as the specific air pollution control measures are concerned, many of those
measures are short-term and “campaign-style” such as increasing the frequency of sprinkling
near dust pollution sources, enhancing traffic control in order to reduce mobile pollution sources,
sudden investigation and penalty on violations of environmental regulations and laws, etc.

(4) There are obvious seasonal fluctuations in the air quality of PRD cities. According to the
calculation results, the air quality in the Pearl River Delta is relatively better during summers,
while worse during autumns and winters. Apart from the reasons of geographical locations and
wind directions as mentioned above, climate characteristics are also an important reason behind.
The Pearl River Delta has a typical coastal subtropical climate, and is susceptible to typhoons
from June to October every year, with torrential rainfall. Therefore, despite the hot summer
weather, it is difficult for air pollutants to accumulate in the atmosphere, and the lingering time is
comparatively shorter. However, during winters, due to weakening of the wind and decrease of
precipitation, the air pollution problem becomes more prominent. Moreover, during winters, the
wind direction is always the same in the PRD region, and the air pollution sources in this region
are concentrated in the most economically developed cities in PRD, Guangzhou and Shenzhen,
which are located in the central part of the region. Therefore, it is very easy for air pollutants such
as ozone and particulate pollutants to be transmitted into downwind cities, thus resulting in the
decline of air quality. This strong seasonal fluctuation pattern has made it difficult to control air
pollution in the downwind cities and in the entire region.

5. Conclusions

This paper has introduced the entropy value into the traditional TOPSIS evaluation model and
constructed a comprehensive evaluation model based on the six main air pollutants included in China’s
current Ambient Air Quality Standards (GB 3095-2012), i.e., SO2, NO2, PM10, PM2.5, CO and O3. Based
on the official air pollutant data of the nine cities in the Pearl River Delta (PRD) region from July 2015
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to June 2018, this paper has quantified and analyzed the air quality evaluation scores of various PRD
cities within the study period on a monthly basis. The purpose is to contribute to the existing studies
on China’s air quality measurement and evaluation, and provide a scientific basis for air pollution
control and related policy-making in the PRD region. The conclusions of this paper are: During
the study period, there have been distinct differences in the air quality of cities in the PRD region.
Considering the climatic factors such as typhoon and different precipitation levels, there are obvious
seasonal characteristics in their air quality. More specifically: (1) The air quality of Guangzhou, Foshan,
Dongguan and Zhaoqing has improved by 25%, 22%, 16% and 15% respectively when comparing their
air quality score of the last period with that of the beginning period. However, the overall air quality
of these four cities during the study period was far from satisfactory. Apart from reasons of excessive
industrial waste gas emissions and mobile pollution sources such as motor vehicles, geographical
locations and climatic conditions are also important contributors to this situation. (2) Although the air
quality of Shenzhen and Huizhou has not shown big improvements during the study period, their air
quality has always been among the best in the PRD region. Moreover, during the study period, there
have been remarkable achievements in the pollution control of key industries and pollution control
by taking advantage of scientific and technological progress. (3) The air quality of Jiangmen, Zhuhai
and Zhongshan has experienced a decrease of 13%, 11% and 7.2% respectively if comparing their air
quality score of the last period with that of the beginning period. Apart from geographical reasons, the
implementation of air pollution control policies is also relatively weak in these cities.

Based on the findings above, this paper has provided below policy recommendations in order to
further enhance air pollution control in different PRD cities:

(1) Take advantage of the regional integration of the PRD region in Guangdong Province’s urban
and rural planning, and promote integrated and coordinated pollution control policy design
and implementation across different PRD cities. In July 2010, Guangdong Province officially
issued the “Pearl River Delta Urban and Rural Planning Integration Plan (2009–2020)”, in which
environmental protection is an important component. Based on the analysis above, in order for
cities in the Pearl River Delta to overcome geographical and climatic constraints when dealing
with air pollution, they must work together. Therefore, in the face of the transmission and
spread of air pollution across the PRD region, these cities need to seize the opportunity of
regional integration of the PRD region, and work together to achieve information sharing and
joint prevention and control of air pollution in order to eventually realize the integration in air
pollution control work. Moreover, from the perspective of administrative structure, all the PRD
cities are under the jurisdiction of the Guangdong Provincial Government, which also makes it
easier for them to achieve synergy in coordinated air pollution control.

(2) Currently, the air pollution control policies of different PRD cities are not aligned, which requires
these cities to formulate targeted policies and measures based on integrated pollution control
actions as well as the characteristics of their own pollution sources and their own major air
pollutants. These cities also need to gradually adjust and coordinate the pace of their air
pollution control work across the entire PRD region. Based on our analysis above, cities that
launched pollution control policies relatively late, such as Jiangmen, Zhuhai and Zhongshan,
could learn from the advanced experiences of Shenzhen and Huizhou in order to formulate
and implement medium- and long-term air pollution control policies, avoid “campaign-style”
short-term governance model, and achieve sustainability in air pollution control.

(3) Utilize advanced technology to upgrade existing industries and equipment in order to minimize
the economic and social costs of air pollution control policies. Given that the industrial and
construction industries in the PRD region, especially those in Guangzhou and Shenzhen, are
the main sources of air pollution, although non-discretionary implementation of air pollution
control measures such as shut-down policies could achieve immediate and significant effects,
this would also inevitably result in huge economic and social costs, and even cause social unrest.
Therefore, the cities in the PRD region should utilize advanced technology to upgrade existing
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industries and their equipment that produces pollution in order to reduce air pollutant emissions
and achieve sustainable development without impacting their productivity and even enlarging
their production capacity at the same time.
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Appendix A

Table A1. Air quality evaluation score of cities in the PRD region (July 2015 to March 2016).

Guangzhou Shenzhen Foshan Dongguan Zhongshan Zhuhai Jiangmen Zhaoqing Huizhou

Jul. 2015 0.3474 0.5413 0.3611 0.3729 0.4928 0.5412 0.4938 0.3948 0.4990
Aug. 2015 0.3426 0.5605 0.3967 0.3716 0.5033 0.5822 0.5097 0.4502 0.5236
Sep. 2015 0.3821 0.5231 0.3830 0.3563 0.4677 0.5583 0.4743 0.3890 0.5032
Oct. 2015 0.4457 0.4765 0.3954 0.4239 0.4344 0.4163 0.4288 0.4457 0.5554
Nov. 2015 0.4573 0.4962 0.4109 0.4389 0.4486 0.4447 0.4620 0.3992 0.5267
Dec. 2015 0.3845 0.5117 0.3747 0.4407 0.4316 0.4279 0.4804 0.4553 0.5727
Jan. 2016 0.4267 0.4909 0.4517 0.4735 0.5118 0.4724 0.5170 0.4713 0.5671
Feb. 2016 0.4550 0.5243 0.5110 0.5491 0.5453 0.5293 0.5472 0.5729 0.5265
Mar. 2016 0.3783 0.4748 0.400 0.4060 0.4642 0.4766 0.4750 0.4563 0.4919

Table A2. Air quality evaluation score of cities in the PRD region (April 2016 to December 2016).

Guangzhou Shenzhen Foshan Dongguan Zhongshan Zhuhai Jiangmen Zhaoqing Huizhou

Apr. 2016 0.4183 0.5147 0.4658 0.4949 0.5083 0.5146 0.4781 0.3908 0.5304
May. 2016 0.4085 0.5166 0.3939 0.3983 0.4904 0.4976 0.4175 0.3854 0.5254
Jun. 2016 0.3422 0.5647 0.3358 0.3352 0.6149 0.6377 0.4783 0.3639 0.4734
Jul. 2016 0.2896 0.4205 0.3106 0.3415 0.4508 0.5383 0.3679 0.3639 0.3831

Aug. 2016 0.3622 0.5029 0.3557 0.3826 0.4373 0.5188 0.4092 0.3976 0.4887
Sep. 2016 0.3837 0.5000 0.3928 0.3965 0.4439 0.4782 0.4005 0.4285 0.5593
Oct. 2016 0.4718 0.5598 0.3925 0.4263 0.4260 0.4425 0.3607 0.4341 0.5989
Nov. 2016 0.4077 0.5418 0.3636 0.4375 0.4654 0.5044 0.3614 0.4071 0.5961
Dec. 2016 0.4457 0.5279 0.4117 0.4878 0.4223 0.4886 0.3919 0.4531 0.5443

Table A3. Air quality evaluation score of cities in the PRD region (January 2017 to September 2017).

Guangzhou Shenzhen Foshan Dongguan Zhongshan Zhuhai Jiangmen Zhaoqing Huizhou

Jan. 2017 0.4154 0.5965 0.3619 0.4794 0.4787 0.5679 0.4015 0.4452 0.5667
Feb. 2017 0.4219 0.5295 0.3884 0.3992 0.4289 0.5436 0.4032 0.4580 0.5253
Mar. 2017 0.4373 0.5328 0.4379 0.4546 0.4793 0.5045 0.4424 0.4524 0.5233
Apr. 2017 0.4135 0.5586 0.3996 0.4208 0.5048 0.6117 0.4450 0.4909 0.4961
May. 2017 0.3640 0.5042 0.3408 0.3818 0.4054 0.5278 0.3641 0.4064 0.5366
Jun. 2017 0.3503 0.6224 0.3890 0.3836 0.6169 0.7237 0.5576 0.4166 0.5204
Jul. 2017 0.3880 0.5492 0.3558 0.4275 0.4387 0.6202 0.3885 0.3630 0.5532

Aug. 2017 0.4034 0.4958 0.4501 0.3869 0.4492 0.5610 0.4415 0.5087 0.4283
Sep. 2017 0.3306 0.4723 0.3234 0.3419 0.4036 0.5105 0.3528 0.3257 0.4788
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Table A4. Air quality evaluation score of cities in the PRD region (October 2017 to June 2018).

Guangzhou Shenzhen Foshan Dongguan Zhongshan Zhuhai Jiangmen Zhaoqing Huizhou

Oct. 2017 0.5140 0.5508 0.4443 0.4836 0.3979 0.4222 0.3653 0.4557 0.5727
Nov. 2017 0.5034 0.5326 0.4785 0.4974 0.4332 0.3929 0.3993 0.5312 0.5420
Dec. 2017 0.4919 0.5329 0.4465 0.4840 0.4374 0.4424 0.4000 0.4673 0.5406
Jan. 2018 0.4102 0.5646 0.4086 0.4388 0.4690 0.4662 0.4311 0.3768 0.5405
Feb. 2018 0.4867 0.5463 0.4445 0.4775 0.4271 0.4292 0.3922 0.4573 0.5537
Mar. 2018 0.4791 0.5418 0.4513 0.4790 0.4400 0.4247 0.4044 0.4727 0.5437
Apr. 2018 0.4720 0.5437 0.4395 0.4727 0.4421 0.4410 0.4055 0.4483 0.5438
May. 2018 0.4516 0.5522 0.4305 0.4614 0.4494 0.4455 0.4129 0.4264 0.5444
Jun. 2018 0.4352 0.5661 0.4420 0.4336 0.4571 0.4839 0.4314 0.4524 0.5379

Appendix B

Algorithm 1. The MATLAB Algorithm for Determining the Weight of Different Indicators by the
Entropy Method

R=[]
[rows,cols]=size(R);
k=1/log(rows);
Rmin = min(R);
Rmax = max(R);
A = max(R) −min(R);
y = R − repmat(Rmin,51,1);
for j = 1: size(y,2)
y(:,j) = y(:,j)/A(j)
end
S = sum(y,1)
Y = zeros(rows,cols);
for i = 1: size(Y,2)
Y(:,i) = y(:,i)/S(i)
end
lnYij=zeros(rows,cols);
for i=1:rows
for j=1:cols
if Y(i,j)==0
lnYij(i,j)=0;
else
lnYij(i,j)=log(Y(i,j));
end
end
end
ej=−k*(sum(Y.*lnYij,1));
weights=(1−ej)/(cols−sum(ej));
F = zeros(rows,cols);
for k = 1: size(R,2)
F(:,k) = weights(k)*y(:,k)
end
format long
F = sum(F,2)
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Appendix C

Algorithm 2. The MATLAB Algorithm for Calculating the Comprehensive Evaluation Score by the TOPSIS
Evaluation Method

function [ output_args ] = TOPSIS(A,W,M,N)
[ma,na]=size(A);
A=xiangliangguiyi(A);
for i=1:na
B(:,i)=A(:,i)*W(i);
end
V1=zeros(1,na);
V2=zeros(1,na);
BMAX=max(B);
BMIN=min(B);
for i=1:na
if i<=size(M,2)
V1(M(i))=BMAX(M(i));
V2(M(i))=BMIN(M(i));
end
if i<=size(N,2)
V1(N(i))=BMIN(N(i));
V2(N(i))=BMAX(N(i));
end
end
for i=1:ma
C1=B(i,:)−V1;
S1(i)=norm(C1);
C2=B(i,:)−V2;
S2(i)=norm(C2);
T(i)=S2(i)/(S1(i)+S2(i));
end
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