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Whether the Guangdong-Hongkong-Macao Greater Bay Area (GBA) can achieve the 
goal of environmental protection at the same time as its rapid economic development 
is an important issue that deserves attention. In this paper, we obtained remote sensing 
data on air pollution including CO, NO2, SO2, PM10, PM2.5, and nighttime light data. 
We combined the remote sensing data with county-level economic statistics to study 
economic development and air pollution in the Guangdong-Hongkong-Macao GBA. 
Our research showed that the economic development in the Guangdong-Hongkong-
Macao GBA significantly increased the emissions of NO2, PM10, and PM2.5 and did not 
have significant effects on CO and SO2. We constructed an emission intensity indicator 
of pollutants per unit of luminance. We found that the unit emission intensity of four 
categories of pollutants, PM10, PM2.5, SO2, and CO, showed a significant decreasing 
trend in line with economic development. The emission intensity of NO2 showed a trend 
of first decreasing and then increasing. The conclusion of this research illustrates that 
the emission intensity of pollutants per unit of luminosity in the Guangdong-Hongkong-
Macao GBA is continuously reducing. The emission of pollutants will gradually change 
from slow growth to zero growth. However, the emission of NO2 pollution should be an 
area of focus in achieving the dual goals of economic development and environmental 
protection.

Keywords: Guangdong-Hongkong-Macao Greater Bay Area, nighttime light data, air pollution, economic 
development, environmental protection.

1 INTRODUCTION

Achieving economic development while protecting the ecological environment is an important 
challenge for countries worldwide. It is also an essential issue that China must address in achieving 
sustainable development. In recent years, the Chinese government has paid more attention to 
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environmental protection while developing the economy, 
regarding environmental protection as an inherent requirement 
for the sustainable development of the Chinese nation (Wang 
et al., 2021a).

However, realizing the win-win goal of economic development 
quality and ecological environment quality faces many challenges 
(Grossman and Krueger, 1995; Ebenstein et al., 2015). A salient 
fact is that since the reform and opening up, while China has 
made remarkable achievements in economic development, it 
has also paid a high environmental price. The emissions of air 
pollutants, mainly SO2 and particulate matter (PM), are currently 
the highest worldwide. The World Bank’s “China Environmental 
Pollution Losses Report” released in 2007 shows that China’s 
air and water pollution losses were equivalent to 5.8% of its 
real GDP in that year. Fewer than five of the country’s 500 cities 
have an air quality that meets the World Health Organization’s 
recommended standards, and 16 of the world’s 20 most polluted 
cities are in China (World Bank, 2007).

Severe air pollution impacts people’s health and economic 
development. Brook et al. (2004) confirmed that short and long-
term exposure to air pollutant-containing environments results 
in a sustained increase in related cardiovascular disease risk. 
Carey et al. (2018) and Chang et al. (2014) found an increased risk 
of dementia in adults with increased exposure to PM2.5, NO2, and 
CO. There is evidence of a significant association between PM2.5, 
PM10, NO2, and O3 and COVID-19 infection (Zhu et al., 2020; 
Liang et al., 2020). (Shi et al. 2016) confirmed that both short- 
and long-term exposures to PM2.5 are associated with mortality. 
Each year in China, 350,000 to 500,000 people die prematurely 
due to outdoor air pollution (Chen et al., 2013), and air pollution 
has become the fourth most significant threat to the health of the 
population in China (Yang et al., 2013). Because PM2.5 particles 
are smaller and can easily enter indoor spaces, their increase 
can significantly reduce worker productivity, affecting corporate 
profits (Chang et al., 2016). All things being equal, a 1% increase 
in PM2.5 concentration leads to a decrease of about 0.5% of GDP 
per capita in China, thereby harming economic development 
(Hao et al., 2018).

The root cause of this problem lies in the process of rapid 
economic development. China prioritized the development of 
the secondary industry represented by the manufacturing sector, 
and the consumption of natural resources inevitably increases 
in the industrialization process, leading to an increase in the 
level of air pollution. China prioritized economic development 
over environmental protection. Air pollution has seriously 
affected China’s sustainable development, and inevitably, this 
development path is unsustainable. The development concept 
of harmonious coexistence between human and nature requires 
China to comprehensively transform its economic development 
model, take economic growth and environmental protection into 
consideration, thereby achieving “green development.”

The achievement of the goals of economic development and 
ecological environment quality faces many difficulties. Stricter 
environmental protection policies will inevitably increase the 
cost of manufacturing. This will have a specific inhibitory effect 
on economic development. How to achieve a win-win situation 
between economic development and the ecological environment 

is a complex economic development problem that China must 
face and solve. Against this background, China’s various national 
strategies take environmental protection as a fundamental 
development goal. The Guangdong-Hongkong-Macao GBA is 
one of the pilot areas for exploring green development in China. 
The GBA includes the Hongkong Special Administrative Region, 
Macau Special Administrative Region, Guangzhou, Shenzhen, 
Zhuhai, Foshan, Huizhou, Dongguan, Zhongshan, Jiangmen, 
and Zhaoqing in Guangdong Province, a total area of 56,000 
km2 with a population of 66.71 million people. It is one of the 
most open and economically dynamic regions and the most 
innovative in science and technology in China. For the reasons 
mentioned above, it has an important strategic position in the 
development of China. As one of the four major bay areas in the 
world, compared with the New York Bay Area, the San Francisco 
Bay Area, and the Tokyo Bay Area, the economic aggregate of 
the GBA was expected to reach 12.54 trillion yuan (about 1.82 
trillion US dollars) with an increase of 8.1% in 2021. In line with 
China’s national strategy, the GBA hopes to achieve long-term 
sustainable development of its nature, society, and economy 
through green innovation and development. It is a pilot area for 
China’s high-quality economic development.

The coordinated development of ecological environment 
protection and economic development in the GBA can greatly 
benefit China’s future economic development path. Existing 
research has not analyzed this critical issue in-depth in the 
GBA. In the context of the pollution situation in the GBA, Li 
and Huang (2022) used the statistical data of prefecture-level 
cities to analyze the discharge of wastewater and exhaust gas 
from secondary industries. Lu et  al. (2021) focused on the 
urban heat island effect in the GBA. Zhan et al. (2018) analyzed 
the air quality problem in the GBA based on environmental 
monitoring data. However, no scholars have studied the air 
pollution problem in the GBA using remote sensing data and 
analyzed air pollution and economic trends. This paper explores 
the economic development and environmental protection of the 
GBA by extracting county-level nighttime light data and remote 
sensing data of air pollution from 2013 to 2019 and examines 
the ecological environment and economic development of the 
GBA by constructing the indicator of pollution intensity per 
unit of light brightness and conducting an in-depth analysis 
of the factors affecting this indicator. Whether the innovation-
driven GBA can effectively reduce air pollution deserves further 
study.

2 MATERIALS AND METHODS

2.1 Nighttime Light Data
Nighttime light data have been widely used in socio-economic 
studies as a long-term, stable, and objective data source to monitor 
human activities by detecting visible and near-infrared radiation 
on the ground. The higher the level of economic development, 
the higher the brightness of nighttime light data. More and more 
scholars are adopting nighttime light data as a proxy variable for 
regional economic growth levels (Elvidge et al., 1997; Henderson 
et al., 2012).
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There are three data sources for nighttime light data: DMPS/
OLS, NPP/VIIRS, and Luojia-1. The DMSP/OLS data are for 
1992 to 2013 and are no longer updated. NPP/VIIRS has been in 
operation since 2012, and its data are kept updated. Luojia-1 has 
been in operation since 2018. Considering our research purpose, 
we selected NPP/VIIRS as the data source to obtain the 2013-
2019 nighttime light raster dataset in mainland China (Figure 1). 
Our selection of NPP/VIIRS was made because the data period 
of Luojia-1 is short, and the DMSP/OLS dataset has some 
shortcomings, such as the lack of in-orbit radiation calibration 
and the saturation phenomenon (Cao et al., 2019; Ji et al., 2019; 
Levin et al., 2020).

Compared to DMSP/OLS data, the spatial resolution of the 
NPP/VIIRS nighttime light data increased from 1 km to 500 m, 
and the DN value increased from 6 to 14 bits, significantly 
improving the dataset quality. The NPP/VIIRS nighttime light 
could identify human economic and social development better 
(Elvidge et al., 2013; Chen et al., 2021). NOAA provides monthly 
and annual data, and we use annual data for analysis.

2.2 Air Pollution Data
In addition to nighttime light data, air pollution data are 
another critical data source. Remote sensing data can generate 
information about PM10, PM2.5, CO, SO2, NO2, and many other 

pollutants (Wei et  al., 2021b). In this paper, the China High 
Air Pollution Dataset (CHAP) (https://weijing-rs.github.io/
product.html) is used as the data source for air pollution. The 
CHAP dataset contains long-term, high-resolution, high-quality 
datasets of several major atmospheric pollutants in China, such 
as CO, NO2, PM10, PM2.5, and SO2 (Wei et al., 2021b).

This dataset is generated by the space-time extra-trees 
(STET) model, which yields more substantial selection 
randomness in features, parameters, models, and splits than 
other tree-based machine learning approaches. The MODIS 
Multi-Angle Implementation of Atmospheric Correction 
uses aerosol products, land use, population distribution, and 
pollution emissions in data integration to reconstruct a high-
resolution and high-quality Chinese air pollutant dataset (Wang 
et al., 2021b; Wei et al., 2021a) (Figure 1). The STET model has 
high spatial prediction capability, with more accurate estimates 
of current air pollutant concentrations and better assessments 
of historical air pollutant concentrations (Wei et  al., 2021a), 
with cross-test coefficients higher than 0.80 for several pollutant 
categories (Table 1). Therefore, we use the annual data for SO2, 
CO, PM10, PM2.5, and NO2 in the CHAP dataset as the pollutant 
data source (https://weijing-rs.github.io/product.html).

Figure 1 shows the variety of remote sensing data used in this 
paper. As Figure 1 shows, several pollutants and nighttime light 
data show high levels in urban areas and low levels in peripheral 

FIGURE 1 |   Remote sensing data from 2013 to 2019.
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regions. The CO trend in 2013 is different from that in other 
years. We use the above remote sensing data to obtain the mean 
values of nighttime lights and pollutants in each county by using 
the shapefile of administrative divisions in the Guangdong-
Hongkong-Macao GBA. Table  2 shows the descriptions of 
the mean value of the nighttime light and pollutants.

2.3 County-Level Economic Statistics
To ensure the reliability of our research, we also selected 
county and district statistics as the following control variables. 
The statistical database contains data from 2000 to 2019, and 
we select 2013-2019 for analysis. (1) Manufacturing level 
(sec_ind): The air pollution situation correlates with the local 
manufacturing level (Ebenstein et  al., 2015). We select the 
value of the secondary industry (billion yuan) to measure 
industrial development. (2) Government regulation (budget): 
Government regulation is crucial in compensating for market 
failure. Negative externalities from environmental pollution are a 
typical market failure problem (Aruga, 2022). We choose general 
public budget revenue (billion yuan) to measure government 
regulation. (3) Agricultural development (fir_ind): In relative 
terms, the agricultural industry’s impact on the environment 
is smaller than that of industry (Nasih et  al., 2019). Therefore, 
the more developed the agriculture, the smaller the degree 
of environmental pollution. We choose the primary industry 
(billion yuan) to measure agriculture development; (4) Residents’ 
living level (saving): The higher the living standard of residents, 
the higher the level of environmental requirements (Freymeyer 
and Johnson, 2010). Therefore, improving residents’ income 
levels promotes the local ecological environment. We select the 
logarithmic value of the balance of residents’ savings deposits 
(million yuan) to measure the residents’ living level; (5) Level of 
education (education): The increase in education level positively 
contributes to economic growth (Hanushek and Woessmann, 
2016). and environmental awareness (Strieder Philippssen et al., 
2017). We select the number of students in middle school per 
100,000 people to measure the local education level; (6) Total 
industrial output (total_ind): This variable represents the gross 
domestic value of the most important secondary industry 
firms, which is used in robustness test; (7) Level of education 
(education1): We use the student number per 100,000 in primary 
schools, which is also used in robustness test.

Table 2 shows the descriptive statistics related to nighttime 
light data, air pollution data, and statistical yearbook data 
used in this paper.

2.4 Methodology

2.4.1 Economic Development  
and Air Pollution Mean Value
We analyzed the impact of economic development on air pollution 
to examine the relationship between economic development 
and air pollution in detail. Due to the rapid development of the 
Guangdong-Hongkong-Macao GBA in recent years, we propose 
Hypothesis 1:
Hypothesis 1: Total air pollution in the Guangdong-Hongkong-
Macao GBA keeps rising along with economic development.

Based on Hypothesis 1, we use the Ordinary Least Squares 
method to test the impact of economic development on various 
air pollutants:

 X light Controli j t i t i i t i t, , , , ,= + + +∑β β β0 1   (1)

where i, j, and t represent the ith county, the jth air pollutant, and 
the tth year, respectively; Xi,j,t represents the average value of the 
jth air pollutant in the ith county in the tth year; lighti, t represents 
the nighttime light brightness of the ith county in the tth year; 
Controli, t is the corresponding control variable, εi,t is the error. 
We use the control variables of industrial development, general 
public budget revenue, agricultural development, residents’ 
savings deposits, and education level. In this model, we focus on 
the sign and significance of β1 . If β1 is significantly positive, it 
means that air pollution is rising with economic development, 
and if it is significantly negative, it means that the mean value of 
air pollutants is falling.

TABLE 2 | Descriptive statistics of variables.

Variable Obs Mean Std.Dev Min Max

light_mean 161 5.3788 9.2443 0.0903 37.0510
CO_mean 161 0.9239 0.1510 0.6550 1.3893
NO2_mean 161 30.2240 8.3032 19.8142 56.7402
SO2_mean 161 15.4001 6.7429 5.8124 34.5899
PM10_mean 161 68.9438 13.9929 45.7016 114.1952
PM2.5_mean 161 44.0026 10.4779 26.8755 74.5520
sec_ind 161 367.2436 418.2826 36.9081 2048.7090
budget 161 45.4773 54.5640 1.0666 246.8380
fir_ind 161 37.3992 18.7095 0.2666 101.5576
saving 155 507.7007 661.7844 58.3200 2930.7490
education 161 65.4706 52.2104 17.6667 651.5091
total_ind 92 1348.5210 1558.7910 111.9551 6745.8470
eduction1 161 102.5684 65.7817 44.1222 784.4818

TABLE 1 | Summary of data sources.

Data set Spatial resolution CV-R2 Available period Using period

CO 10km 0.8 2013-2020 2013-2019
NO2 10km 0.84 2008-2020 2013-2019
PM10 1km 0.90 2000-2020 2013-2019
PM2.5 1km 0.92 2000-2020 2013-2019
SO2 10km 0.84 2013-2020 2013-2019
NPP/VIIRS 500m – 2012-2021 2013-2019
Statistics – – 2000-2019 2013-2019
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2.4.2 Economic Development  
and Air Pollution Intensity
Previous studies have confirmed that economic development 
increases air pollution. Therefore, environmental protection 
should focus on pollutant emission intensity per unit of economic 
growth. In particular, as the Guangdong-Hongkong-Macao GBA 
relies on scientific and technological innovation to develop the 
economy, air pollution caused by economic development will be 
continuously reduced by industrial restructuring, technological 
progress, and enhanced awareness of environmental protection. 
Therefore, we propose Hypothesis 2:
Hypothesis 2: The intensity of air pollution decreases with 
economic development.

Therefore, we construct the pollution intensity indicator, 
which is calculated as follows:

 Xper
X
lighti j t

i j t

i t
, ,

, ,

,

=  (2)

where Xper represents the total pollution intensity per unit of 
light brightness; X represents the mean value of various pollutants 
in the county, and light represents the mean of nighttime light 
brightness.

Next, the impact of economic development on pollution 
intensity is examined. We use the same control variables, industrial 
development, general public budget revenue, agricultural 
development, residents’ savings deposits, and education levels, to 
calculate the impact of economic development in the GBA on its 
pollution intensity. The equation is as follows:

 Xper light Controli t i t i i t i t, , , ,= + + +∑α α α0 1   (3)

In this model, we still focus on the sign and significance of α1 
. If α1 is significantly positive, it indicates that the unit pollution 
intensity rises during the economic development process. If the 
opposite is true, it indicates that the unit pollution intensity keeps 
decreasing.

We also investigate the relationship between the intensity of 
air pollution and economic development. In line with Wang and 
Huang (2015) study, we investigate the relationship between the 
intensity of air pollution and economic development by setting 
the quadratic term of night light brightness. The model is as 
follows:

 Xper light light Controli t i t i t i i t i t, , , , ,= + + +∑β β β β0 1 2
2   (4)

In Equation (4), we focus on the coefficients of  β1 and β2 . If β1 is 
significantly negative and β2 is significantly positive, air pollution 
intensity decreases first and then increases with economic 
development in an inverted U-shaped relationship. If β1 is 
significantly negative and β2 is not significant, it indicates that air 
pollution continues to decline with economic development. If β1 
is significantly positive and β2 is significantly negative, it indicates 
that air pollution intensity increases first and then decreases with 
economic development. If β1 is significantly positive and the β2 

coefficient is not significant, it indicates that the intensity of air 
pollution continues to rise with economic development.

3 RESULTS

3.1 Benchmark Analysis
Table 3 reports the results of the benchmark analysis of Equation 
(1) without adding control variables. The results from columns 
(1)–(5) show that the coefficients of the mean values of several 
air pollutants of NO2, PM10, and PM2.5 are positive, and the 
coefficients are all significant at the 1% confidence level. This 
shows that with economic development, these types of pollutants 
show a growing trend, and NO2 rises the most among the 
pollutants mentioned above. Each unit increase in nighttime 
light brightness will result in a 0.7316 unit increase in NO2, a 
0.5505 unit increase in PM10, and a 0.2619 unit increase in PM2.5. 
The positive impact of economic development on these three 
types of air pollution is significant at the 1% confidence level.

Table 4 shows the results of Equation (1) after the addition 
of control variables. After adding the control variables, the NO2 
coefficient is still significantly positive at the 1% confidence level, 
indicating that economic development still leads to increased 
atmospheric NO2 levels in the GBA. The coefficient of PM10 is still 
positive, but the confidence level drops to 5%, and the coefficient 
of PM2.5 still remains positive, but the confidence level drops 
to 10%. Several other pollutant categories are consistent with 
the results in Table 3 and remain insignificant. In addition, the 
coefficients of the control variables show that the development of 
secondary industry leads to an increase in pollution levels.

In contrast, primary industry significantly reduces air 
pollution. This indicates that the development of manufacturing 
industry is the leading cause of air pollution in the region. 
During the economic development of Guangdong-Hongkong-
Macao GBA, the related industries caused a significant increase 
in NO2, PM10, and PM2.5 pollutants. However, the industries 
related to CO and SO2 emissions were better controlled in terms 
of pollutant emissions. Hypothesis 1 is partially validated.

In Equation (3), we analyze the impact of economic 
development on air pollution intensity. Table  5 reports the 
regression results of the intensity of various air pollutants 
without adding control variables. Columns (1)–(5) show that 
the coefficients of the pollution intensity of several air pollutants, 
such as CO, NO2, SO2, PM10, and PM2.5, are all negative, and the 

TABLE 3 | The impact of economic development on air pollutants without control 
variables.

   (1)  (2)  (3)  (4)  (5)

  CO NO2 SO2 PM10 PM2.5

light_mean -0.0010 0.7316*** 0.0525 0.5505*** 0.2619***
   (0.001)  (0.052)  (0.036)  (0.070)  (0.055)
_cons 0.9296*** 26.2889*** 15.1178*** 65.9830*** 42.5940***
   (0.016)  (0.654)  (0.715)  (1.394)  (1.093)
N 161 161 161 161 161

Standard errors in parentheses * p<0.1, ** p<0.05, *** p<0.01.
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coefficients are all significant at the 1% confidence level. This result 
means that several air pollutants mentioned above show a significant 
decreasing trend for every unit increase in light brightness. Among 
these pollutants, PM10 decreases at the fastest rate, and along with 
the economic development, the emission intensity of PM10 decreases 
by −7.1248 units for each unit increase in light brightness at night, 
and the emission intensity of PM2.5, NO2, SO2, and CO decreases by 
−4.6040, −2.6534, −1.7793 and −0.1059 units, respectively.

Table 6 shows the results of Equation (3) with the addition of 
control variables. After adding the control variables, the intensities 
of several air pollutants per unit of light brightness are still negative 
and significant at the 1% confidence level. This indicates that 
even after controlling other related factors, the intensity per unit 
emission of several air pollutants still decreases significantly along 
with the economic development of the GBA. After adding the 
control variables, the PM10 unit pollution intensity decreases the 
most, reaching −10.0142, and the emission intensity of the several 
remaining pollutants also keeps dropping. In reducing emission 
intensity, the development of secondary industry does not have a 
significant influence. In contrast, primary industry development 
significantly reduces pollutant emission intensity. The effect of other 
control variables was not significant.

Table 7 shows the results of Equation (4) with the addition 
of control variables. As Table  7 shows, after adding the 
secondary term of night light, the primary term coefficients of 
CO, NO2, SO2, PM10, and PM2.5 are still significantly negative. 
CO and NO2 are significant at the 1% confidence level, while 
SO2, PM10, and PM2.5 are significant at the 5% confidence level. 
The quadratic coefficients of CO, SO2, PM10, and PM2.5 are 
insignificant, indicating that the pollution intensity of these 
pollutants will continue to decline with economic development. 
However, the quadratic coefficient of NO2 is significantly 
positive at the confidence level of 10%, indicating a U-shaped 
relationship between NO2 pollution intensity and economic 
development. The pollution intensity of NO2 decreases first 
and then increases with economic development. Hypothesis 2 
is confirmed.

3.2 Robustness Test
To ensure the reliability of the results of this paper, we adopt two 
methods for robustness testing, replacing control variables and 
replacing explanatory variables. All of the robustness tests adopt 
the results with control variables.

TABLE 4 | The impact of economic development on air pollutants with control variables.

   (1)  (2)  (3)  (4)  (5)

  CO NO2 SO2 PM10 PM2.5

light_mean -0.0015 0.7812*** 0.1927 0.6871** 0.4441*
   (0.004)  (0.094)  (0.167)  (0.307)  (0.240)
sec_ind 0.0002 0.0098** 0.0096* 0.0190* 0.0172**
   (0.000)  (0.004)  (0.005)  (0.011)  (0.008)
budget -0.0030* -0.0347 -0.1041 -0.1026 -0.1061
   (0.002)  (0.031)  (0.093)  (0.164)  (0.127)
fir_ind -0.0052*** -0.1107*** -0.1123*** -0.3136*** -0.1895***
   (0.001)  (0.027)  (0.042)  (0.087)  (0.063)
saving 0.0001 -0.0046 -0.0011 -0.0089 -0.0068
   (0.000)  (0.004)  (0.009)  (0.015)  (0.012)
education 0.0002** -0.0051 0.0064 0.0049 0.0021
   (0.000)  (0.003)  (0.006)  (0.012)  (0.009)
_cons 1.1547*** 30.8963*** 20.1132*** 79.2327*** 50.7780***
   (0.051)  (1.221)  (1.800)  (3.997)  (2.745)
N 155 155 155 155 155

Standard errors in parentheses * p<0.1, ** p<0.05, *** p<0.01.

TABLE 5 | The impact of economic development on air pollutants intensity without control variables.

   (1)  (2)  (3)  (4)  (5)

  CO_per NO2_per SO2_per PM10_per PM2.5_per

light_mean -0.1059*** -2.6534*** -1.7793*** -7.1248*** -4.6040***
   (0.039)  (0.940)  (0.680)  (2.612)  (1.694)
_cons 2.2128*** 57.2546*** 38.4101*** 152.6818*** 99.0297***
   (0.621)  (15.013)  (11.485)  (42.67)  (27.843)
N 161 161 161 161 161

Standard errors in parentheses * p<0.1, ** p<0.05, *** p<0.01.
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3.2.1 Replace Control Variables
We replaced two essential control variables. The first variable 
replaced is secondary industry. We use the total industrial 
output above the designated enterprises (total_ind) instead of 
secondary industry. This variable represents the gross domestic 
product value of the most important secondary industry firms. 
Furthermore, we use the student number per 100,000 in primary 
schools (education1) instead of the number of students in middle 
schools. Table 8 shows the robustness test results for the effect 
of economic development on air pollutants. The coefficients of 
the mean values of three air pollutants, NO2, PM10, and PM2.5, 
increase significantly along with economic development, 
consistent with the results in Tables 3, 4.

Table  9 shows the results of the robustness test on the 
emission intensity of air pollutants when the control variables are 
replaced. The results show that the emission intensity of several 

air pollutants still decreases significantly along with economic 
development. The coefficients and the significance are consistent 
with the results in Tables  5, 6. The decreasing trend of air 
pollutants has strong robustness and credibility.

3.2.2 Replace the Explained Variable
In the second method, we replace the explained variables to test 
the robustness of the regression results. We use the logarithm  
of the mean values of CO, SO2, NO2, PM10, and PM2.5 instead of 
the mean value of these air pollutants. Table 10 shows the results 
of the robustness test of the impact of economic development 
on the ln value of air pollutants. The coefficients of NO2 and 
PM10 still increase significantly with economic development. The 
results are consistent with those in Tables 3, 4, and 7.

Similarly, we adopt the way of taking ln values of several air 
pollutants for the replacement to conduct robustness tests on air 

TABLE 6 | The impact of economic development on air pollutants intensity with control variables.

   (1)  (2)  (3)  (4)  (5)

  CO_per NO2_per SO2_per PM10_per PM2.5_per

light_mean -0.1399*** -3.4254*** -2.9417*** -10.0142*** -6.6557***
   (0.042)  (1.007)  (1.022)  (3.215)  (2.185)
sec_ind -0.0009 -0.0256 -0.0364 -0.0915 -0.065
   (0.001)  (0.019)  (0.027)  (0.068)  (0.049)
budget 0.0055 0.1452 0.255 0.6336 0.4451
   (0.006)  (0.157)  (0.214)  (0.544)  (0.385)
fir_ind -0.0659*** -1.5714*** -1.6821*** -5.1056** -3.4655**
   (0.024)  (0.575)  (0.644)  (2.000)  (1.363)
saving 0.0004 0.0094 0.007 0.0213 0.0143
   (0.000)  (0.011)  (0.012)  (0.033)  (0.024)
education 0.0019*** -0.0209 0.0287 0.0293 0.0082
   (0.001)  (0.021)  (0.026)  (0.069)  (0.049)
_cons 4.6188*** 119.5496*** 104.0117*** 351.1414*** 235.5162***
   (1.504)  (36.242)  (36.601)  (117.447)  (79.354)
N 155 155 155 155 155

Standard errors in parentheses * p<0.1, ** p<0.05, *** p<0.01.

TABLE 7 | The impact of economic development on air pollutants intensity with the secondary term of night light.

   (1)  (2)  (3)  (4)  (5)

  CO_per NO2_per SO2_per PM10_per PM25_per

light_mean -0.3206*** -8.2488*** -8.5102** -24.9753** -17.5821**
   (0.124)  (3.114)  (3.944)  (10.242)  (7.317)
light2 0.0057 0.1504* 0.1628 0.4584 0.3308
   (0.004)  (0.090)  (0.106)  (0.292)  (0.205)
sec_ind -0.0008 -0.023 -0.0262 -0.0784 -0.0529
   (0.001)  (0.017)  (0.023)  (0.060)  (0.043)
budget 0.0067 0.1798 0.3118 0.7508 0.5363
   (0.007)  (0.167)  (0.236)  (0.587)  (0.417)
fir_ind -0.0626*** -1.4842*** -1.5943** -4.8333** -3.2713**
   (0.024)  (0.567)  (0.627)  (1.968)  (1.335)
saving 0.0003 0.0072 0.0036 0.0138 0.0086
   (0.000)  (0.011)  (0.014)  (0.035)  (0.025)
education 0.0020*** -0.0194 0.0317 0.0351 0.0128
   (0.001)  (0.022)  (0.028)  (0.072)  (0.051)
_cons 4.7699*** 123.5249*** 107.2143*** 362.2369*** 243.1331***
   (1.496)  (36.128)  (36.694)  (116.931)  (79.115)
N 155 155 155 155 155

Standard errors in parentheses *p<0.1, ** p<0.05, *** p<0.01.
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pollution emission intensity. Table  11 shows the results of the 
robustness test of the effect of economic development on the ln 
value of air pollutant emission intensity. The results in Table 10 
show that the emission intensity of ln values of five air pollutants, 
PM10, PM2.5, NO2, SO2, and CO, still show a significant decreasing 
trend with economic development and are still significant at 
the 1% confidence level, which is consistent with the results in 
Tables 5, 6, and 9.

4 DISCUSSION
4.1 Economic Development  
and Air Pollution
Previous studies indicate that economic development, especially 
industrial development, aggravates air pollution, mainly because 
industrial development leads to the direct contribution of the 

consumption of coal, oil, and other energy forms to the emission 
of CO, SO2, NO2, and to PM, thereby increasing the concentration 
of such pollutants in the atmosphere. However, scholars have 
drawn different conclusions about the relationship between 
economic development and air pollution. Brajer et  al. (2008) 
and Brajer et al. (2011) found an inverted U-shaped relationship 
between the concentration of SO2, PM, and NO2 and economic 
development by using urban data in China. However, He and 
Wang (2012) believed that there was an inverted U-shaped 
relationship between PM concentration and per capita income, 
and there was a U-shaped relationship between SO2 and per capita 
income. NO2 increases with income. Wang and Huang (2015) 
believed that PM10, NO2, and SO2 all had a U-shaped relationship 
with per capita income, which means that air pollution became 
more severe with economic development. The above studies 
mainly considered China as a whole. However, there are apparent 

TABLE 8 | The impact of economic development on air pollutants with replacing control variables.

   (1)  (2)  (3)  (4)  (5)

  CO NO2 SO2 PM10 PM2.5

light_mean -0.0005 0.7427*** 0.4026* 0.9786** 0.5905*
   (0.004)  (0.131)  (0.234)  (0.418)  (0.314)
total_ind 0.000 0.0021 0.001 0.0022 0.0025
   (0.000)  (0.001)  (0.002)  (0.003)  (0.002)
fir_ind -0.0008 -0.0622 -0.0919 -0.1625 -0.0956
   (0.001)  (0.050)  (0.074)  (0.131)  (0.093)
Budget -0.0026 -0.0251 -0.0059 0.0111 -0.0077
   (0.003)  (0.084)  (0.170)  (0.308)  (0.232)
Saving 0.0001 -0.0029 -0.0082 -0.0152 -0.0108
   (0.000)  (0.007)  (0.014)  (0.025)  (0.019)
education1 -0.0001 -0.0103*** -0.0103* -0.0248* -0.0206**
   (0.000)  (0.003)  (0.006)  (0.013)  (0.010)
_cons 1.0722*** 29.9695*** 23.9216*** 81.0123*** 52.8370***
   (0.037)  (1.507)  (2.589)  (4.339)  (2.976)
N 87 87 87 87 87

Standard errors in parentheses *p<0.1, ** p<0.05, *** p<0.01.

TABLE 9 | The impact of economic development on air pollutants intensity with replacing control variables.

   (1)  (2)  (3)  (4)  (5)

  CO_per NO2_per SO2_per PM10_per PM2.5_per

light_mean -0.1671*** -4.3482*** -3.8490** -12.6215*** -8.2953***
   (0.052)  (1.437)  (1.504)  (4.384)  (3.010)
total_ind -0.0001 -0.0068 -0.0095 -0.0228 -0.0182
   (0.000)  (0.006)  (0.007)  (0.018)  (0.013)
fir_ind -0.0692*** -2.1620*** -2.3085*** -7.0387*** -4.6583***
   (0.019)  (0.795)  (0.858)  (2.462)  (1.699)
budget -0.0003 0.1192 0.3011 0.7439 0.5515
   (0.007)  (0.185)  (0.265)  (0.612)  (0.460)
Saving 0.0007 0.0204 0.0131 0.0344 0.0251
   (0.001)  (0.018)  (0.024)  (0.059)  (0.044)
education1 -0.0002 -0.0517*** -0.0441*** -0.1162*** -0.0972***
   (0.000)  (0.007)  (0.009)  (0.021)  (0.016)
_cons 5.0615*** 147.2407*** 137.1652*** 443.0357*** 295.1140***
   (1.427)  (44.791)  (45.043)  (136.921)  (93.050)
N 89 89 89 89 89

Standard errors in parentheses *p<0.1, ** p<0.05, *** p<0.01.
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differences in the mode of economic development and the style 
of production and life in different regions of China. For example, 
in northern China, the main fuel is coal. The industry is mainly 
heavy industry, so the concentration of SO2, inhalable PM, and 
other air pollutants increases. In contrast, industry in southern 
China is mainly light industry. In addition, there is no need for 
heating in winter, making air pollution relatively weak (Li et al., 
2012).

In an outward-oriented economy, bay areas in general often 
becomes the core node of a country’s external and internal 
connections, giving the area a locational advantage in terms of 
industrial and population concentration and an important strategic 
position in national development. More than 60% of the global 
economy is concentrated in bay-area-dominated mega-city regions 
(Walker and Schafran, 2015). The trend of people moving from a 
country’s interior to its coastal regions has been increasing. In this 
study, as a particular region, we found that only NO2, PM10, and PM2.5 

increased significantly with economic development. Simultaneously, 
CO and SO2 had no relevance to economic development in the 
Guangdong-Hongkong-Macao GBA. This indicates that in the 
development of the Guangdong-Hongkong-Macao GBA, industries 
are constantly emitting NO2 and PM, resulting in the concentration 
of pollutants in the atmosphere increasing. Table  4 also shows 
this conclusion. Secondary industry increases air pollution while 
primary industry decreases air pollution.

4.2 Economic Development and Air 
Pollution Intensity
The bay area economy has achieved a high level of globalization 
through its strengths of innovation, productivity, and 
investment (Volberding, 2011). Hui et  al. (2020) argue that 
the bay area is a new mega-city region with the most critical 
growth pole and stimulus for global economic growth and 

TABLE 10 | The impact of economic development on air pollutants with replacing explained variables.

   (1)  (2)  (3)  (4)  (5)

  LnCO LnNO2 LnSO2 LnPM10 LnPM2.5

light_mean -0.0015 0.0181*** 0.0131 0.0079* 0.0092
   (0.004)  (0.003)  (0.013)  (0.004)  (0.006)
sec_ind 0.0002 0.0003** 0.0007 0.0003* 0.0004*
   (0.000)  (0.000)  (0.000)  (0.000)  (0.000)
budget -0.0030* -0.0009 -0.007 -0.0012 -0.002
   (0.002)  (0.001)  (0.005)  (0.002)  (0.003)
fir_ind -0.0052*** -0.0047*** -0.0132*** -0.0055*** -0.0057***
   (0.001)  (0.001)  (0.003)  (0.001)  (0.002)
saving 0.0001 -0.0001 -0.0002 -0.0001 -0.0002
   (0.000)  (0.000)  (0.001)  (0.000)  (0.000)
education 0.0002** -0.0002** 0.0004 0.0001 0.0001
   (0.000)  (0.000)  (0.000)  (0.000)  (0.000)
_cons 1.1547*** 3.4562*** 3.2217*** 4.3986*** 3.9716***
   (0.051)  (0.042)  (0.140)  (0.059)  (0.067)
N 155 155 155 155 155

Standard errors in parentheses *p<0.1, ** p<0.05, *** p<0.01.

TABLE 11 | The impact of economic development on air pollutants intensity with replacing explained variables.

   (1)  (2)  (3)  (4)  (5)

  LnCO_per LnNO2_per LnSO2_per LnPM10_per LnPM2.5_per

light_mean -0.1399*** -0.3849*** -0.3913*** -0.5095*** -0.4676***
   (0.042)  (0.109)  (0.118)  (0.146)  (0.135)
sec_ind -0.0009 -0.0021 -0.0029 -0.0029 -0.0028
   (0.001)  (0.002)  (0.002)  (0.002)  (0.002)
budget 0.0055 0.0143 0.0203 0.0214 0.0204
   (0.006)  (0.015)  (0.019)  (0.021)  (0.019)
fir_ind -0.0659*** -0.1575*** -0.1927*** -0.2146** -0.2015**
   (0.024)  (0.060)  (0.072)  (0.084)  (0.079)
saving 0.0004 0.0008 0.0008 0.0009 0.0008
   (0.000)  (0.001)  (0.001)  (0.001)  (0.001)
educaiton 0.0019*** 0.001 0.0035 0.0034 0.0027
   (0.001)  (0.002)  (0.002)  (0.003)  (0.002)
_cons 4.6188*** 13.0046*** 13.4233*** 17.1758*** 15.8129***
   (1.504)  (3.974)  (4.345)  (5.413)  (5.015)
N 155 155 155 155 155

Standard errors in parentheses *p<0.1, ** p<0.05, *** p<0.01.
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technological innovation. The Guangdong-Hongkong-Macao 
GBA is selected as the research object mainly because it is one 
of the regions with the most substantial innovation capacity 
in China. We study the impact of economic development 
on air pollution under the influence of technological 
innovation by analyzing the relationship between economic 
development and air pollution intensity. Our conclusion 
shows that, under the influence of technological innovation, 
air pollution intensity in the GBA will continue to decrease 
as economic development increases. Hypothesis 1 and 
Hypothesis 2 jointly describe the fact that there is an inverted 
U-shaped relationship between air pollution and economic 
development. That is, air pollution increases with economic 
development at the beginning and eventually decreases with 
economic development. In GBA, NO2, PM10, and PM2.5 are 
shown such a trend. At present, the Guangdong-Hongkong-
Macao GBA is still in the former stage. CO and SO2 showed 
a continuous downward trend. The quadratic coefficients of 
CO, SO2, PM10, and PM2.5 are insignificant, indicating that the 
pollution intensity of these pollutants will continue to decline 
with economic development. Forthese types of pollutants, 
air pollution intensity presents a linear relationship with 
economic development; the higher the level of economic 
development, the lower the intensity of these pollutants. It 
is noteworthy that the intensity of NO2 shows a U-shaped 
relationship between its pollution level and economic 
development. In line with economic development, NO2 shows 
a trend of first decreasing and then increasing. This may 
be due to the GBA’s higher dependence on NO2-producing 
industries or the relatively slow progress of technological 
innovation in reducing NO2 emissions. This result indicates 
that technological innovation will have different impacts on 
different pollutants due to existing industrial structures. In 
future, the GBA should pay more attention to NO2 pollution.

4.3 Remote Sensing Data Use
Remote sensing data have been widely used. These data have 
significant advantages in areas where it is difficult to obtain 
data directly (Chen et  al., 2022). Human activities and air 
pollution both show obvious spatial aggregation distribution 
characteristics. In previous studies, statistics were used for 
economic development and ground-based monitoring for 
air pollution. However, these types of data lose a significant 
proportion of spatial information and are also affected by 
scale. Therefore, nighttime light data have been increasingly 
used in socio-economic research. Widespread studies have 
confirmed that the higher the level of economic development, 
the higher the brightness of nighttime light data (Elvidge 
et  al., 1997; Henderson et  al., 2012; Ji and Wei, 2021). In 
recent years, nighttime light data have been used to study 
built-up areas (Ma et  al., 2012), freight volume (Shi et  al., 
2015), population change (Huang et al., 2016; Yu et al., 2019), 
poverty levels (Zhao et  al., 2019), electricity consumption 
(Shi et  al., 2019), housing vacancy (Chen et  al., 2015), and 
other issues directly related to socio-economics. Compared 

with nighttime light data, air pollutant remote sensing data 
are not widely used because of the short time series and 
difficulty of inversion (Wei et al., 2021a). It is even rarer to 
combine the two types of remote sensing data.

Although this combination solves the problem of data 
acquisition, it also creates a series of problems. First, arising 
from how remote sensing data are acquired, the spatial 
accuracy depends on sensor accuracy, inversion model, and 
inversion parameters. The two remote sensing datasets are 
combined for trend study rather than specific values. In this 
study, the CO remote sensing data have inconsistent trends 
in different years (Figure 1), and the results may have errors. 
Second, the time series of data is a problem. The running years 
of different sensors are inconsistent, making it necessary to 
choose remote sensing data. The final data may be limited to 
the shortest data type available if using multiple data sources. 
Due to the enormous advantages of remote sensing data, the 
exploration of remote sensing data applications should not 
stop because of these problems.

5 CONCLUSIONS

Based on nighttime light data and remote sensing data of 
several air pollutants such as CO, NO2, SO2, PM10, and PM2.5 
from the year 2013 to 2019 in the GBA, as well as county and 
regional economic statistics, we examined the relationship 
between economic development and environmental 
pollution. Through data analysis, we found that economic 
development in the GBA caused significant increases in 
three air pollutants, NO2, PM10, and PM2.5. The effects on 
two air pollutants, CO and SO2, were insignificant, and this 
trend remained significant after adding control variables. 
Subsequently, we further examined the effect of economic 
development on the emission intensity of air pollutants 
per unit of light brightness. The results showed that with 
economic development, the emission intensity per unit of 
CO, NO2, SO2, PM10, and PM2.5 of several major air pollutants 
showed a significant decreasing trend, all significant at the 
1% confidence level. Among them, PM10 emission intensity 
decreases the most in several air pollutants. The above 
conclusions are still robust after testing.

The findings of this paper illustrate that during the rapid 
economic development of the Guangdong-Hongkong-Macao 
GBA, the emission intensity of pollutants generated per unit 
of economic growth decreased significantly. However, some 
categories of air pollutants increased slightly. Therefore, 
the Guangdong-Hongkong-Macao GBA shows potential 
for “green development.” It is foreseeable that with the 
continuous optimization of the construction of the GBA,  
the constant improvement of environmental regulations, and 
the increasing awareness of environmental protection, the 
level of pollution per unit of economic growth will continue 
to decline. The continuous reduction in unit emission 
intensity will eventually lead to a gradual change in the 
overall pollution level from growth to a cessation of growth 
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and then to a trend of decreasing total pollution. However, 
whether the future development of the GBA will follow this 
trend requires continuous monitoring and ongoing research.
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