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Abstract: COVID-19 has been the most widespread and far-reaching public health emergency since
the beginning of the 21st century. The Chinese COVID-19 lockdown has been the most comprehensive
and strict in the world. Based on the Shanghai COVID-19 outbreak in 2022, we analyzed the
heterogeneous impact of the COVID-19 lockdown on human activities and urban economy using
monthly nighttime light data. We found that the impact of lockdown on human activities in the
Yangtze River Delta is very obvious. The number of counties in Shanghai, Jiangsu, Zhejiang and
Anhui showing a downward trend of MNLR (Mean of Nighttime Light Radiation) is 100%, 97%, 99%
and 85%, respectively. Before the outbreak of COVID-19, the proportion of counties with a downward
trend of MNLR was 19%, 67%, 22% and 33%, respectively. Although the MNLR of some counties also
decreased in 2019, the scope and intensity was far less than 2022. Under regular containment (2020
and 2021), MNLR in the Yangtze River Delta also showed a significant increase (MNLR change > 0).
According to NLRI (Nighttime Light Radiation Influence), the Shanghai lockdown has significantly
affected the surrounding provinces (Average NLRI < 0). Jiangsu is the most affected province other
than Shanghai. At the same time, Chengdu-Chongqing, Guangdong-Hong Kong-Macao and the
Triangle of Central China have no obvious linkage effect.

Keywords: COVID-19 lockdown; NPP-VIIRS; Yangtze River Delta; spatio-temporal change; human
activity intensity

1. Introduction

The Corona Virus Disease 2019 (COVID-19), as a major health and safety emergency
with the widest spread and the most far-reaching impact since the beginning of the
21st century, has continued to spread throughout the world until now [1,2]. COVID-19
has plunged the world economy into a deep recession, seriously affecting people’s
production and life, and has aroused widespread concern in society [3,4]. Since the
outbreak of COVID-19, China’s prevention measures have been the most comprehensive,
strict and thorough in the world [5,6]. In particular, China has taken decisive control
measures in several events with a large range, such as Wuhan, Beijing, Shanghali,
Zhengzhou and Urumgqi [7]. How to assess the extent of human activities and urban
economy affected by COVID-19 control is an important direction of research on public
emergency monitoring. Effective monitoring and evaluation of the impact of epidemic
control is of great significance to economic recovery and development and can provide
valuable experience for handling similar public security emergencies in the future.

Multi-dimensional assessment of the impact of COVID-19 control using statistical data
is a common method [8-10]. Many scholars use statistical data and geographical analysis
methods to carry out related research [11-13]. Most scholars’ research focuses on the use of
statistical data to establish evaluation indicators to define the different stages of COVID-19
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development [14], analyze the differences in space—time transmission of COVID-19 [15],
reveal the differences in results caused by different control policies [16], explore the spatio-
temporal evolution process of COVID-19 [17], and use the point of interest data to reflect
the spatio-temporal differences of epidemic impact [18]. However, due to the limitation of
the statistical system, the data have a temporal lag, which cannot be obtained in time. At
the same time, although the impact of COVID-19 has been assessed at different levels, the
data are not representative or open enough. There is a lack of a spatio-temporal difference
assessment method to quickly estimate the impact of COVID-19 on the socio-economic
activities at a macro scale. Nighttime light remote sensing data provide a new means for
the impact assessment of COVID-19.

Nighttime Light (NTL) data can quickly, accurately and objectively obtain information
about the surface and human activities [19], and are widely used in economic development,
urbanization process, natural disasters and accidents (such as war, large-scale power out-
age) [20-22]. At present, some studies have used nighttime light data to assess the impact of
epidemic disasters. NPP/VIIRS data are used to analyze the impact of the implementation of
the closure policy after the epidemic [23,24], spatio-temporal evolution of confirmed cases of
COVID-19 in different countries [25], the monthly changes in the total amount of nighttime
light after COVID-19 in different countries [26], the impact on human life and natural environ-
ment in different urban areas [27], the impact on economic activities in different big cities [28],
the mobility of people in different countries or cities during the closure period [29], power
consumption [30], daily confirmed cases, etc. [31-33].

In fact, the geospatial extent of the strict lockdown conditions covered all 16 Districts in
Shanghai. Then, as the center of the Yangtze River Delta, Shanghai has very close economic
ties with other cities. The Shanghai COVID-19 lockdown inevitably affects surrounding
cities. We speculate that Shanghai will be the most affected city, and the Yangtze River
Delta will also be affected by the lockdown of Shanghai. Based on remote sensing image
of nighttime light, the research on the COVID-19 situation has achieved certain results.
However, previous studies have ignored the spatial difference and temporal growth of the
absolute value of nighttime light brightness, which makes it difficult to accurately reflect the
spatial difference and baseline growth of the impact of COVID-19 on the urban economy. At
the same time, there are some limitations in monitoring the impact of large-scale epidemic
control such as temporal lag of statistical data and low temporal and spatial resolution of
other remote sensing data.

The Shanghai COVID-19 lockdown restricted residents” activities and the operation of
public places such as factories, malls, and shops. Nighttime light is often closely related
to human activities and public places, which can directly reflect the changes of human
activity and economic intensity. The lockdown for the epidemic, human and economic
activities and nighttime light are simultaneous variations. Based on the COVID-19 control
in Shanghai from April to May 2022, we try to use NPP-VIIRS monthly data to extract the
information of epidemic changes, study the potential of nighttime light remote sensing
in large-scale epidemic control and monitoring, and provide an auxiliary reference for
domestic and international public security event processing. Our research contents and
objectives are as follows: (1). Analyze spatio-temporal changes of nighttime light radiation
in April 2022, and explore the impact of COVID-19 control in Shanghai on the economic
activities in the Yangtze River Delta; (2). Analyze spatio-temporal changes of nighttime
light radiation in the Yangtze River Delta before the COVID-19 outbreak, and explore
the benchmark changes of economic development in the Yangtze River Delta; (3). By
comparing spatio-temporal changes of nighttime light radiation in the Yangtze River Delta
before and after the COVID-19 outbreak, we can explore how extensive COVID-19 control
in Shanghai has affected economic activities; (4). Analyze the spatio-temporal changes of
the nighttime light radiation of four major agglomerations in China and reveal whether
there is a significant linkage effect between agglomerations.
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2. Materials and Methods
2.1. Study Area

Yangtze River Delta is located in the lower reaches of Yangtze River in China, bordering
the Yellow Sea and East China Sea. It is an alluvial plain formed before the Yangtze River
enters the sea. The Yangtze River Delta includes 41 cities including Shanghai, Jiangsu
Province, Zhejiang Province and Anhui Province. The Yangtze River Delta is one of
the most active regions in China’s economic development, and has a pivotal strategic
position [34]. By the end of 2019, the Yangtze River Delta had a population of 227 million
and a regional area of 358,000 km? (Figure 1) [35]. In 2022, the GDP of Yangtze River
Delta reached 29,028.9 billion yuan, and the urbanization rate of the permanent population
exceeded 60%. With less than 4% of the land area, it will create nearly 1/4 of China’s total
economic output and 1/3 of China’s total import and export [36]. Shanghai is located at the
core of the Yangtze River Delta. Shanghai is China’s international economic, financial, trade,
shipping, scientific and technological innovation center, with a total area of 6340.5 km?. By
the end of 2021, the permanent resident population of Shanghai was 24.89 million [37]. In
2022, Shanghai’s GDP reached 4,465,280 billion yuan.
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Figure 1. Geographic location and population distribution of the Yangtze River Delta.

The importance of Yangtze River Delta and Shanghai to the contribution of China’s
economy is self-evident, which can create nearly % of China’s total economic output
and 1/3 of China’s total import and export [36]. The Shanghai COVID-19 outbreak in
2022 began on 6 March 2022. After 10 March, the number of newly confirmed cases and
asymptomatic infections in Shanghai increased rapidly [38]. From 28 March 2022 to
1 April 2022, Shanghai Pudong New Area implemented closed management; On 1 April
2022, the closed management of Puxi began until the closed management of the whole
Shanghai; only on 1 June 2022 did Shanghai realize the nationwide release [39]. From
the beginning to the end of the whole epidemic control, Shanghai has implemented
the most stringent epidemic control policy since 28 March 2022 [40]. April 2022 is the
most obvious time for Shanghai and the whole Yangtze River Delta to be affected by
epidemic control.

2.2. Materials

We use NPP/VIIRS data to measure and evaluate the intensity of human and urban
activities before and after epidemic control. The National Oceanic and Atmospheric Admin-
istration of the United States began to release NPP/VIIRS data in April 2012. These data
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effectively make up for the problem of oversaturation of pixel DN (Digital Number, the
measurement unit is nW/cm?/sr) value in the urban core area. The monthly NPP/VIIRS
products we use come from the official website of the EOG Group of Colorado School of Mines
(https:/ /eogdata.mines.edu/products/vnl/, accessed on 5 March 2023). Considering that the
data quality has a decisive impact on the results, we choose VIIRS Cloud Mask (VCM) version
data from which stray light has been removed [41-43]. We use the boundary of the Yangtze
River Delta to cut the corresponding monthly data of nighttime lighting. In order to avoid
the influence of image mesh deformation and facilitate the calculation of bright pixel area in
the image, we convert the data projection coordinate system into Asia North Alberts Equal
Area Conic. Among them, the resampling method adopts the proximity method suitable for
discrete data processing, and the spatial resolution is 500 m. Inevitably, the overpass time
(1:30 a.m.) may affect the intensity of the nighttime light, which is determined by the data
itself. Although the above impacts may exist, our research is a comparison of data before and
after the Shanghai COVID-19 lockdown, which is a relative value at the same point of time.
As the most economically developed region in China, Shanghai is also active and has strong
nighttime lights at night. Therefore, the overpass time (1:30 a.m.) will not have a significant
impact on the results.

Administrative division data are mainly divided into China’s provincial, munici-
pal and county, sourced from the Resource and Environmental Science and Data Center,
Chinese Academy of Sciences (https:/ /www.resdc.cn/Datalist1.aspx?FieldTyepID=20,0,
accessed on 5 March 2023). Each grid of population spatial data represents the number of
people within 1 km?, unit: person/ km?2 (https:/ /www.resdc.cn/DOI/DOlLaspx?DOIID=32,
accessed on 5 March 2023).

2.3. Methods

(1) Total Nighttime Light Radiation (TNLR) and Mean of Nighttime Light Radiation
(MNLR) are visual descriptions of the impact of nighttime light radiation:

n
TNLR = ) 'DN; )
i

()

where: DN; is the DN value of the ith pixel; n is the sum of pixel count in the study area.
(2) Nighttime Light Radiation Change (NLRC) and Nighttime Light Radiation Influ-
ence (NLRI) are indicators to measure the extent of the impact of COVID-19:

NLRC = MNLR, — MNLR, 3)
NLRCy2
NLRI = ———= 4

where: NLRC represents the value of April minus March; NLRI represents the ratio
between NLRCy(22 and NLRCyq19 in this paper; r represents April; j represents March; if
NLRI < 0, it means that the change of nighttime light in the Yangtze River Delta before
and after COVID-19 is not consistent. The lower the NLRI, the greater the impact of the
region during the epidemic control period; if 0 < NLRI < 1, it means that the change of
nighttime light in the Yangtze River Delta before and after COVID-19 is consistent, but
the epidemic has a small impact on the region; if NLRI > 1, it means that the change of
nighttime light in the Yangtze River Delta before and after COVID-19 is consistent, and
the epidemic has no impact on the region.

On the one hand, we study the change of nighttime light through Formula (3); on
the other hand, we use nighttime light data to build evaluation indicators to evaluate the
impact of epidemic control on urban activities, spatial differences and evolution. Based on
normal changes of urban nighttime lights before the COVID-19 outbreak in China, in order
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to more accurately reflect the substantial impact of epidemic control on urban economy, we
build NLRI to assess the impact before and after COVID-19 control.

Corresponding to the lockdown time in Shanghai in April 2022, there was no large-
scale outbreak of COVID-19 in April 2019. Therefore, nighttime light at this time point is
regarded as the reference light under normal conditions, so as to evaluate the change
of nighttime light during the COVID-19 control period. In addition to analyzing the
changes before and after the epidemic, it is also instructive to compare the changes at
the same time point (2020 and 2021) after COVID-19, which can objectively reflect the
impact of the epidemic control compared with normalized management. Compared
with the previous direct subtraction calculation method, NLRI can reduce the impact
caused by the large difference in the nighttime light base, and limit the nighttime light
change to epidemic control.

3. Results
3.1. Spatio-Temporal Changes of MNLR in the Yangtze River Delta under Largest Lockdown

On 6 March 2022, the outbreak in Shanghai continued to grow, and a comprehensive
and strict epidemic control policy was implemented on 28 March. April was the most
affected period for Shanghai’s economy. Therefore, the impact of epidemic control can
be most directly reflected after difference calculation of MNLR in March and April. As
shown in Figure 2, when Shanghai began to implement strict control, the intensity of MNLR
decreased significantly (p < 0.01), and the scope also decreased significantly (p < 0.01). At
the same time, the impact on the intensity of human activities in the Yangtze River Delta is
very obvious, which represents that MNLR change is a large reduction.

First of all, Shanghai is the most directly affected city. The MNLR of Shanghai weakens
and that of the whole Yangtze River Delta also decreased. The MNLR of all 16 districts
in Shanghai showed a downward trend. Huangpu District and Jing’an District showed
the largest decline (MNLR decreased by more than 10), and the other districts declined
from high to low in the following order: Yangpu District, Xuhui District, Hongkou District,
Changning District, Putuo District, Minhang District, Pudong New Area, Baoshan District,
Jiading District, Songjiang District, Qingpu District, Fengxian District, Jinshan District,
Chongming District (MNLR variation range is —9.3——0.55). Only three of the 96 counties
in Jiangsu Province have an increasing trend of MNLR (the MNLR of Zhonglou District,
Changzhou City, increased by 0.1, the MNLR of Dongtai City, Yancheng City, increased by
0.11, and the MNLR of Sihong County, Suqian City, increased by 0.03), while the MNLR of
the remaining 93 counties has all decreased (the MNLR variation range is —4.94-—0.07),
accounting for 97% of total number of counties in Jiangsu Province. The decline in Nanjing
was relatively the largest (MNLR dropped by more than 3). Compared with Shanghai,
the decline of MNLR in Jiangsu Province is only about half of that in Shanghai. Only one
of 90 counties in Zhejiang Province has an increasing trend of MNLR (MNLR of Shengsi
County, Zhoushan City has increased by 0.51), while MNLR of the remaining 89 counties
and districts has all decreased (MNLR variation range is —3.86——0.01), accounting for 99%
of the total number of counties in Zhejiang Province. The decline in downtown Hangzhou
was the largest (MNLR dropped by more than 3). Compared with Shanghai, the decline
of MNLR in Zhejiang Province is only about 40% of that in Shanghai. Of 105 counties in
Anhui Province, only 16 counties have an increasing trend of MNLR (MNLR of Anging
has increased by 0.46), while the MNLR of the remaining 89 counties has all decreased
(MNLR variation range is —1.92-—0.01), accounting for 85% of the total number of counties
in Anhui Province. Compared with Shanghai, the decline of MNLR in Zhejiang Province is
only about 20% of that in Shanghai.
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Figure 2. Spatio-temporal variation of MNLR from March to April 2022: (a) spatio-temporal variation
of MNLR in the Yangtze River Delta; (b) MNLR changes of 307 counties in the Yangtze River Delta
(Shanghai, Jiangsu, Zhejiang and Anhui). The serial number of the horizontal axis is arranged
according to the county code. The red dashed box shows the portion with smaller values, which we
have enlarged.
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According to the statistics of the MNLR classification area, the area of MNLR decline
in Shanghai is 7052 km?, accounting for 87.51% of the area of Shanghai; the area of MNLR
decline in Jiangsu Province is 81,214.25 km?, accounting for 79.20% of the area of Jiangsu
Province; the area of MNLR decline in Zhejiang Province is 70,209.5 km?, accounting for
66.90% of the area of Zhejiang Province; the area of MNLR decline in Anhui Province is
94,821 km?, accounting for 67.68% of the area of Anhui Province (Table 1).

Table 1. Statistics of MNLR change classification area in April 2022 of Yangtze River Delta (km?).

Yangtze River Delta

Shanghai  Jiangsu  Zhejiang Anhui

<—10 557.75 796.50 917.25 167.00
—-10--8 319.25 561.25 512.75 132.75
—8——6 472.50 1048.75 904.25 280.50

—6—4 654.00 2080.00 1710.00 646.00

MNLR change classification 42 977.00 472025 3971.25 1562.50

—-2-0 4071.50 72,007.50  62,194.00 92,032.25
>0 1006.25 21,326.00  34,740.00  45,275.75
Total 8058.25 102,540.25 104,949.50 140,096.75

3.2. Spatio-Temporal Changes of MNLR before Outbreak of COVID-19

Corresponding to the COVID-19 control time in Shanghai, there was no large-scale
outbreak of COVID-19 in April 2019. The analysis of nighttime light change at this time
point can be regarded as the baseline change in normal condition before the outbreak of
COVID-19. As shown in Figure 3, the MNLR in Shanghai increased significantly from
March to April 2019, with a large range (p < 0.01). On the one hand, the MNLR in most
areas of Shanghai has shown an increasing trend; on the other hand, the intensity of human
activities in the whole Yangtze River Delta has also increased. Few urban regions have a
decreasing trend. Although the MNLR in some urban areas of the Yangtze River Delta has
also decreased under normal conditions, it is undeniable that the scope and intensity of the
reduction are far greater than under this COVID-19 control.

Of the 16 districts in Shanghai, only Huangpu District, Jing’an District and Putuo
District showed a downward trend (MNLR reduction range was 0.90-3.44), accounting for
19% of all districts in Shanghai. The rest of districts show an upward trend, from high to low,
Xuhui District, Hongkou District, Chongming District, Fengxian District, Songjiang District,
Pudong New Area, Qingpu District, Changning District, Yangpu District, Baoshan District,
Jinshan District, Jiading District, Minhang District (MNLR variation range 0.15-2.55). The
MNLR of 31 of 96 counties in Jiangsu Province showed an increasing trend (MNLR variation
range was 0.02-0.58), while the MNLR of 65 counties showed a decreasing trend (MNLR
variation range was 0.01-6.48), accounting for 67% of the total number of counties in Jiangsu
Province. The decline in Nanjing was relatively the largest (MNLR dropped by more than
3.42). Only 20 of the 90 counties in Zhejiang Province have a downward trend (the change
range of MNLR is 0.01-5.25), accounting for 22% of all counties in Zhejiang Province. The
MNLR of the remaining 70 counties shows an increasing trend (MNLR change range is
0.01-2.10). The decline in Hangzhou was the largest (MNLR dropped by more than 2.56).
Only 35 of the 105 counties in Anhui Province have a downward trend (the change range
of MNLR is 0.01-1.38), accounting for 33% of all counties in Anhui Province. The MNLR of
the remaining 70 counties all increased (MNLR variation range is 0.01-0.79).

According to the statistics of the MNLR classification area, the area of MNLR decline
in Shanghai is 1773.25 km?, accounting for 22% of the area of Shanghai; the area of MNLR
decline in Jiangsu Province is 35,000.25 km?, accounting for 34.13% of the area of Jiangsu
Province; the area of MNLR decline in Zhejiang Province is 36,801.75 km?, accounting for
35.06% of the area of Zhejiang Province; the area of MNLR decline in Anhui Province is
42,979.75 km?, accounting for 30.68% of the area of Anhui Province (Table 2).
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Table 2. Statistics of MNLR change classification area in April 2019 of Yangtze River Delta (km?).

Yangtze River Delta

Shanghai  Jiangsu  Zhejiang Anhui

<-10 4275 500.00 183.75 128.00

~10-—8 29.75 330.00 138.00 103.75

86 66.50 633.25 277.75 213.75

L —6-—4 163.75 1185.75 669.00 439.75

MNLR change classification 42 34225 2712.00 1818.25 1114.25
20 112825 2963925 33,71500  40,980.25
>0 6285.00  67,540.00 68,147.75  97,117.00
Total 8058.25  102,540.25 104,949.50 140,096.75

3.3. Comparison of MNLR Changes before and after Outbreak of COVID-19

Corresponding to April 2022, there was no large-scale outbreak of COVID-19 in April
2019. The strictest static control (normalization control) was not implemented in 2020 and
2021 after the outbreak of COVID-19. As shown in Figure 4, from March to April 2019, the
MNLR in most areas of the Yangtze River Delta showed an increasing trend.
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2| Legend 1
“| NLRI Distribution
-
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Sp---- P - S e = - £ S

; T T v
0 % limKnkvmcl:r\. Shanghai Jiangsu Zhejiang Anhui

NSO0E

120007

Figure 4. NLRI variation and spatial distribution in the Yangtze River Delta: (a) NLRI spatial
distribution; (b) NLRI variation of Yangtze River Delta (Shanghai, Jiangsu, Zhejiang and Anhui).

Compared with the changes in April 2019, 2020, 2021 and 2022, although the MNLR
in some urban areas of the Yangtze River Delta region also decreased under normalized
control, it is undeniable that the scope and intensity of the reduction of MNLR is far less
than that under this strict control. After the outbreak of COVID-19, the MNLR under
the normalized control did not decrease, but showed a significant increase (p < 0.01, the
average change of MNLR was greater than 0 in 2019, 2020 and 2021, and the MNLR change
of at least 75% of the area was greater than 0). This change shows that the normalized
COVID-19 control has not greatly inhibited the economic development or the intensity of
human activities. The COVID-19 lockdown in Shanghai in 2022 will undoubtedly have a
huge impact. The change of MNLR is mostly less than 0 (Box Chart shows at least 75%),
and the minimum value of the MNLR change is also significantly reduced. This fully shows
that the strength of epidemic control is closely related to the intensity of human activities
and economic development.
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Considering the continuous increase of nighttime light in China’s rapid urbanization
process, we have constructed NLRI to eliminate the impact of the normal increase of
nighttime light on the change. As shown in Figure 5, the control of Shanghai COVID-19
has significantly affected nighttime light radiation of surrounding cities, with Shanghai
and Nanjing as the center to radiate around. The cities in the south of Jiangsu Province,
the cities in the middle and east of Anhui Province and the cities in the north of Zhejiang
Province have the greatest impact (NLRI is less than —1). Northern cities in Anhui Province
and Jiangsu Province and most cities in Zhejiang Province are slightly affected (NLRI is
greater than 0). This can also be confirmed by the quantitative characteristics of NLRI. First,
the average NLRI is all less than 0, reflecting that the four provinces are indeed affected by
the epidemic control. Secondly, the average NLRI is Zhejiang, Anhui, Jiangsu and Shanghai
from the largest to the smallest, which shows that Jiangsu is the most affected province and
Zhejiang is the least affected.
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Figure 5. Comparison of spatio-temporal variation of MNLR from March to April before and after
COVID-19: (a) from March to April 2019; (b) from March to April 2020; (c) from March to April 2021.
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3.4. Comparison of MNLR Changes in Major Agglomerations in China

From the perspective of economic scale, the top five urban agglomerations in China
are: Yangtze River Delta Urban Agglomeration (YRD), Beijing-Tianjin-Hebei Urban
Agglomeration (BTH), Guangdong-Hong Kong—Macao Bay Area (YGA), Triangle of
Central China (TCC) and Chengdu-Chonggqing City Group (CCCG). We compare MNLR
changes of other four major urban agglomerations except Yangtze River Delta to explore
whether their MNLR has been affected during the period from March to April 2022.
There are no strict COVID-19 lockdowns in the other four urban agglomerations during
April 2022.

As shown in Figure 6, on the whole, MNLR changes in the Beijing-Tianjin-Hebei Urban
Agglomeration are consistent with those in the Yangtze River Delta, while the MNLR changes
in the Chengdu-Chongqing City Group, the Guangdong-Hong Kong-Macao Greater Bay
Area, and Triangle of Central China are opposite to those in the Yangtze River Delta. The
MNLR in the Beijing-Tianjin—-Hebei Urban Agglomeration has decreased significantly
(the average MNLR change is less than 0), which is consistent with the decline in the
Yangtze River Delta. The MNLR in the core cities of Beijing and Tianjin decreased
significantly, while the surrounding areas of the city center showed a slight increase.
The MNLR growth in the Guangdong-Hong Kong-Macao Greater Bay Area is the most
obvious (the average change of MNLR is greater than 0.4), and it is also the region with
the most obvious MNLR growth in the five major urban agglomerations. The possible
reason is that there were fewer cases of epidemic transmission in the Guangdong-Hong
Kong-Macao Greater Bay Area during the same period of time, and that economic
activity was rapidly increasing in April. The most strict control measures were not
taken. On the whole, the MNLR of Chengdu—-Chongqing City Group and Triangle of
Central China showed a small increase. Of course, MNLR shows a downward trend in
some cities.
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Figure 6. Spatio-temporal variation of MNLR of major agglomerations from March to April 2022.
The urban agglomeration name abbreviations are: Yangtze River Delta Urban Agglomeration (YRD),
Beijing-Tianjin—-Hebei Urban Agglomeration (BTH), Guangdong-Hong Kong-Macao Bay Area
(YGA), Triangle of Central China (TCC) and Chengdu-Chonggqing City Group (CCCG).
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4. Discussion

With the continuous improvement of the spatial, temporal and spectral resolution of
nighttime light satellites, the research on urban issues surrounding nighttime light remote
sensing data has entered a rapid development stage [44]. Nighttime light data have been
applied to urban public security fields such as natural disasters, war, environmental health
and epidemic [45,46]. The results of many studies show that nighttime light remote sensing
can play an important role in urban public security [47—49]. In order to prevent and control
COVID-19, the policies such as city closure and stay-at-home order have significantly
affected the production and life of urban residents [50], and nighttime light remote sensing
can effectively capture changes in urban socio-economic activities [51]. Our research shows
that nighttime light remote sensing can effectively monitor the changes in urban socio-
economic activities caused by public health prevention and control measures, and provides
a new perspective for assessing the socio-economic impact of COVID-19. At the same time,
our research provides a reference for China and other countries to evaluate the impact of
epidemic prevention and control measures.

The research results show that the epidemic control policy implemented in Shang-
hai from March to April 2022 has significantly weakened the intensity of human and
economic activities. At the same time, due to the close relationship between the Yangtze
River Delta and Shanghai, the impact on the intensity of human activities in the Yangtze
River Delta is also very obvious, which is consistent with the research results of many
scholars [52-54]. Before the outbreak of COVID-19, the nighttime light intensity in
most areas of the Yangtze River Delta showed an increasing trend. Although nighttime
light intensity in some urban areas also decreased, the NLRI showed that the scope and
intensity of the reduction was far less than under the control of the epidemic. Moreover,
the nighttime light under the control of the normalized control showed a significant
increase, which did not significantly inhibit the economic development or the intensity
of human activities. During the Shanghai COVID-19 lockdown, government restricted
residents” walking and driving. Public facilities such as factories, malls, and shops
have also been closed, except for necessary living facilities. The decrease in nighttime
lighting in Shanghai includes traffic lighting, mall lighting, and factory lighting. The
efforts in this lockdown are significantly stronger than those in other regions of China.
This fully shows that the intensity of epidemic control has a very close impact on the
intensity of human activities and economic development. At the same time, there is no
obvious linkage effect in the Guangdong-Hong Kong-Macao Bay Area, the Triangle of
Central China and the Chengdu-Chonggqing City Group.

5. Conclusions

Based on the COVID-19 lockdown in Shanghai in 2022, we tried to use NPP-VIIRS
monthly data to analyze the spatio-temporal changes of nighttime light radiation in
the Yangtze River Delta, and compared the differences before and after COVID-19
outbreak to explore how the extensive Shanghai COVID-19 lockdown has affected
economic activities. The results showed that the impact of the epidemic control on the
intensity of human activities in the Yangtze River Delta was very obvious. The MNLR
of all 16 districts in Shanghai showed a downward trend (MNLR variation range was
—10--0.55). The MNLR of 93 of the 96 counties and districts in Jiangsu Province has
all decreased (the range of MNLR is —4.94-—0.07). The MNLR of 89 of the 90 counties
in Zhejiang Province has all decreased (the range of MNLR is —3.86——0.01). The MNLR
of 89 of the 105 counties and districts in Anhui Province has all decreased (the MNLR
variation range is —1.92-—0.01). In 2019, the number of counties with a downward
trend in Shanghai, Jiangsu, Zhejiang and Anhui Province was 3 (MNLR decreased from
0.90 to 3.44), 65 (MNLR changed from 0.01 to 6.48), 20 (MNLR changed from 0.01 to
5.25), and 35 (MNLR changed from 0.01 to 1.38). Although the MNLR in some regions
of Yangtze River Delta has also decreased, the scope and intensity of the reduction is far
less than that of this control. Under normalized control (2020 and 2021), the MNLR in
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the Yangtze River Delta did not decrease, but showed a significant increase (the MNLR
change in 2019, 2020 and 2021 was greater than 0, and the MNLR change in at least 75%
of the area was greater than 0).

From the perspective of NLRI, Shanghai COVID-19 lockdown has significantly affected
the nighttime light radiation of surrounding cities. The four provinces are indeed affected
by this epidemic control (the average NLRI is all less than 0). The average NLRI from the
largest to the smallest is Zhejiang, Anhui, Jiangsu and Shanghai. It shows that Jiangsu is
the most affected province except Shanghai and Zhejiang is the least affected.

Author Contributions: Conceptualization, L.J. and Y.L.; methodology, Y.L.; formal analysis, L.J.;
resources, L.J. and Y.L.; data curation, L.J. and Y.L.; writing of original draft, L.J. and Y.L.; writing,
review, and editing, L.J. and Y.L.; supervision, L.J. and Y.L.; project administration, L.J.; funding
acquisition, L.J. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China, grant
number 42071253.

Data Availability Statement: The monthly NPP/VIIRS products we used come from the official
website of the EOG Group of Colorado University of Mines (https://eogdata.mines.edu/products/
vnl/, accessed on 5 March 2023). Administrative division data is mainly divided into China’s
provincial, municipal and county, which is sourced from Resource and Environmental Science and
Data Center, Chinese Academy of Sciences (https://www.resdc.cn/Datalist1.aspx?Field TyepID=20,0,
accessed on 5 March 2023). Each grid of population spatial data represents the number of people
within 1 km?, unit: person/ km? (https:/ /www.resdc.cn/DOI/DOLaspx?DOIID=32, accessed on
5 March 2023).

Acknowledgments: The authors thank the editors and anonymous referees for their valuable com-
ments on an earlier version of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sah, R.; Reda, A.; Lashin, B.I.; Mohanty, A.; Abdelaal, A.; Rodriguez-Morales, A.]. Public health emergencies of international
concernin the 21st century. Ann. Med. Surg. 2022, 81, 104417. [CrossRef] [PubMed]

2. Wang, Z.; Wang, D. The influence and enlightenment of five public health emergencies on public psychology since new century:
A systematic review. Int. J. Soc. Psychiatry 2021, 67, 878-891. [CrossRef] [PubMed]

3. Palacios Cruz, M.; Santos, E.; Cervantes, M.V,; Judrez, M.L. COVID-19, a worldwide public health emergency. Rev. Clin. Esp. Engl.
Ed. 2021, 221, 55-61. [CrossRef] [PubMed]

4. Bi, M. Impact of COVID-19 on environmental regulation and economic growth in China: A Way forward for green economic
recovery. Econ. Anal. Policy 2023, 77, 1001-1015. [CrossRef]

5. Wu, J.; Zhan, X.; Xu, H.; Ma, C. The economic impacts of COVID-19 and city lockdown: Early evidence from China. Struct. Chang.
Econ. Dyn. 2023, 65, 151-165. [CrossRef]

6. Cai, Y.T,; Mason, K.A. Why they willingly complied: Ordinary people, the big environment, and the control of COVID-19 in
China. Soc. Sci. Med. 2022, 309, 115239. [CrossRef]

7. Zhang, Z.; Fu, D,; Liu, F.; Wang, J.; Xiao, K.; Wolshon, B. COVID-19, traffic demand, and activity restriction in China: A national
assessment. Travel Behav. Soc. 2023, 31, 10-23. [CrossRef]

8. Abid, M.; Gheraia, Z.; Abdelli, H.; Sekrafi, H.; Diaw, A. COVID-19 pandemic and economic impacts in Arab countries: Challenges
and policies. Res. Glob. 2022, 5, 100103. [CrossRef]

9. Alalawi, S,; Issa, S.T.; Takshe, A.A.; ElBarazi, I. A review of the environmental implications of the COVID-19 pandemic in the
United Arab Emirates. Environ. Chall. 2022, 8, 100561. [CrossRef]

10. Murugesan, M.; Venkatesan, P.; Kumar, S.; Thangavelu, P.; Rose, W.; John, J.; Castro, M.; Manivannan, T.; Mohan, V.R.; Rupali,
P. Epidemiological investigation of the COVID-19 outbreak in Vellore district in South India using Geographic Information
Surveillance (GIS). Int. J. Infect. Dis. 2022, 122, 669-675. [CrossRef]

11.  Filonchyk, M.; Hurynovich, V.; Yan, H. Impact of COVID-19 lockdown on air quality in the Poland, Eastern Europe. Environ. Res.
2021, 198, 110454. [CrossRef] [PubMed]

12.  Masters, N.B.; Zhou, T.; Meng, L.; Lu, P-J.; Kriss, ].L.; Black, C.; Omari, A.; Boone, K.; Weiss, D.; Carter, R].; et al. Geographic
Heterogeneity in Behavioral and Social Drivers of COVID-19 Vaccination. Am. |. Prev. Med. 2022, 63, 883-893. [CrossRef] [PubMed]

13.  Margarint, M.C.; Kovaci¢, S.; Albulescu, A.-C.; Miljkovi¢, D. Natural multi-hazard risk perception and educational insights

among Geography and Tourism students and graduates amid the COVID-19 pandemic. Int. ]. Disaster Risk Reduct. 2023,
86, 103549. [CrossRef] [PubMed]


https://eogdata.mines.edu/products/vnl/
https://eogdata.mines.edu/products/vnl/
https://www.resdc.cn/Datalist1.aspx?FieldTyepID=20,0
https://www.resdc.cn/DOI/DOI.aspx?DOIID=32
https://doi.org/10.1016/j.amsu.2022.104417
https://www.ncbi.nlm.nih.gov/pubmed/36042928
https://doi.org/10.1177/00207640211002222
https://www.ncbi.nlm.nih.gov/pubmed/33722089
https://doi.org/10.1016/j.rceng.2020.03.001
https://www.ncbi.nlm.nih.gov/pubmed/33998479
https://doi.org/10.1016/j.eap.2022.12.015
https://doi.org/10.1016/j.strueco.2023.02.018
https://doi.org/10.1016/j.socscimed.2022.115239
https://doi.org/10.1016/j.tbs.2022.11.001
https://doi.org/10.1016/j.resglo.2022.100103
https://doi.org/10.1016/j.envc.2022.100561
https://doi.org/10.1016/j.ijid.2022.07.010
https://doi.org/10.1016/j.envres.2020.110454
https://www.ncbi.nlm.nih.gov/pubmed/33188759
https://doi.org/10.1016/j.amepre.2022.06.016
https://www.ncbi.nlm.nih.gov/pubmed/36404022
https://doi.org/10.1016/j.ijdrr.2023.103549
https://www.ncbi.nlm.nih.gov/pubmed/36713631

Remote Sens. 2023, 15, 1989 14 of 15

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Wen, W.; Li, Y.; Song, Y. Assessing the “negative effect” and “positive effect” of COVID-19 in China. ]. Clean. Prod. 2022,
375, 134080. [CrossRef]

Ning, H.; Li, Z.; Qiao, S.; Zeng, C.; Zhang, J.; Olatosi, B.; Li, X. Revealing geographic transmission pattern of COVID-19 using
neighborhood-level simulation with human mobility data and SEIR model: A case study of South Carolina. Int. J. Appl. Earth Obs.
Geoinf. 2023, 118, 103246. [CrossRef]

Guo, F; Huang, Y.; Wang, J.; Wang, X. The informal economy at times of COVID-19 pandemic. China Econ. Rev. 2022,
71,101722. [CrossRef]

Gaisie, E.; Oppong-Yeboah, N.Y.; Cobbinah, P.B. Geographies of infections: Built environment and COVID-19 pandemic in
metropolitan Melbourne. Sustain. Cities Soc. 2022, 81, 103838. [CrossRef]

Wadhwa, A.; Thakur, M.K. Rapid surveillance of COVID-19 by timely detection of geographically robust, alive and emerging
hotspots using Particle Swarm Optimizer. Appl. Geogr. 2022, 144, 102719. [CrossRef]

Louw, A.S,; Fu, ]J; Raut, A.; Zulhilmi, A.; Yao, S.; McAlinn, M.; Fujikawa, A.; Siddique, M.T.; Wang, X; Yu, X; et al. The
role of remote sensing during a global disaster: COVID-19 pandemic as case study. Remote Sens. Appl. Soc. Environ. 2022,
27,100789. [CrossRef]

Argentiero, A.; Cerqueti, R.; Maggi, M. Outdoor light pollution and COVID-19: The Italian case. Environ. Impact Assess. Rev. 2021,
90, 106602. [CrossRef]

Wang, Z.; Roman, M.O.; Kalb, V.L.; Miller, S.D.; Zhang, J.; Shrestha, R.M. Quantifying uncertainties in nighttime light retrievals
from Suomi-NPP and NOAA-20 VIIRS Day/Night Band data. Remote Sens. Environ. 2021, 263, 112557. [CrossRef]

Zheng, Q.; Weng, Q.; Zhou, Y.; Dong, B. Impact of temporal compositing on nighttime light data and its applications. Remote Sens.
Environ. 2022, 274, 113016. [CrossRef]

Miller, PW.; Reesman, C.; Grossman, M.; Nelson, S.; Liu, V.; Wang, P. Marginal warming associated with a COVID-19 quarantine
and the implications for disease transmission. Sci. Total Environ. 2021, 780, 146579. [CrossRef] [PubMed]

Elvidge, C.D.; Baugh, K.; Zhizhin, M.; Hsu, EC.; Ghosh, T. VIIRS night-time lights. Int. ]. Remote Sens. 2017, 38, 5860-5879. [CrossRef]
Xu, G,; Xiu, T.; Li, X,; Liang, X; Jiao, L. Lockdown induced night-time light dynamics during the COVID-19 epidemic in global
megacities. Int. J. Appl. Earth Obs. Geoinf. 2021, 102, 102421. [CrossRef]

Beyer, R.C.M.; Jain, T.; Sinha, S. Lights out? COVID-19 containment policies and economic activity. J. Asian Econ. 2023,
85,101589. [CrossRef] [PubMed]

Jamei, E.; Jamei, Y.; Seyedmahmoudian, M.; Horan, B.; Mekhilef, S.; Stojcevski, A. Investigating the impacts of COVID-19
lockdown on air quality, surface Urban Heat Island, air temperature and lighting energy consumption in City of Melbourne.
Energy Strategy Rev. 2022, 44, 100963. [CrossRef]

Roberts, M. Tracking economic activity in response to the COVID-19 crisis using nighttime lights—The case of Morocco. Dev. Eng.
2021, 6, 100067. [CrossRef]

Ma, S.; Li, S.; Zhang, J. The impacts of the built environment factors and population mobility on the spread of COVID-19 during
its initial stage of the COVID-19 pandemic: A case of China. In Transportation Amid Pandemics; Zhang, J., Hayashi, Y., Zhang, J.,
Hayashi, Y., Eds.; Elsevier: Amsterdam, The Netherlands, 2023; Chapter 4; pp. 37—45.

Rowe, F; Robinson, C.; Patias, N. Sensing global changes in local patterns of energy consumption in cities during the early stages
of the COVID-19 pandemic. Cities 2022, 129, 103808. [CrossRef]

Beyer, R.C.M.; Franco-Bedoya, S.; Galdo, V. Examining the economic impact of COVID-19 in India through daily electricity
consumption and nighttime light intensity. World Dev. 2021, 140, 105287. [CrossRef]

Celik, D.; Meral, M.E.; Waseem, M. The progress, impact analysis, challenges and new perceptions for electric power and energy
sectors in the light of the COVID-19 pandemic. Sustain. Energy Grids Netw. 2022, 31, 100728. [CrossRef]

Yu, Y; Brady, D.; Zhao, B. Digital geographies of the bug: A case study of China’s contact tracing systems in the COVID-19.
Geoforum 2022, 137, 94-104. [CrossRef] [PubMed]

Hasnain, A.; Sheng, Y.; Hashmi, M.Z.; Bhatti, U.A.; Ahmed, Z.; Zha, Y. Assessing the ambient air quality patterns associated to
the COVID-19 outbreak in the Yangtze River Delta: A random forest approach. Chemosphere 2023, 314, 137638. [CrossRef]

Li, W;; Chen, Z.; Li, M.; Zhang, H.; Li, M.; Qiu, X.; Zhou, C. Carbon emission and economic development trade-offs for optimizing
land-use allocation in the Yangtze River Delta, China. Ecol. Indic. 2023, 147, 109950. [CrossRef]

Shen, L.; Wang, H.; Zhu, B.; Zhao, T.; Liu, A.; Lu, W.; Kang, H.; Wang, Y. Impact of urbanization on air quality in the Yangtze
River Delta during the COVID-19 lockdown in China. J. Clean. Prod. 2021, 296, 126561. [CrossRef]

Wu, C.; Wang, H.-W.; Cai, W.-].; He, H.-D.; Ni, A.-N.; Peng, Z.-R. Impact of the COVID-19 lockdown on roadside traffic-related air
pollution in Shanghai, China. Build. Environ. 2021, 194, 107718. [CrossRef]

Jiang, S.; Cai, C. Unraveling the dynamic impacts of COVID-19 on metro ridership: An empirical analysis of Beijing and Shanghai,
China. Transp. Policy 2022, 127,158-170. [CrossRef]

Zhong, H.; Wang, K.; Wang, W. Spatiotemporal pattern recognition and dynamical analysis of COVID-19 in Shanghai, China.
J. Theor. Biol. 2022, 554, 111279. [CrossRef]

Wu, J.; Yang, H.; Qin, Y;; Wu, J.; Yan, H.; Xu, Y.; Sun, X.; Zhang, L.; Liu, X. Change of daily life and depression among adults under
stringent lockdown restrictions during COVID-19 pandemic in Shanghai, China. Asian J. Psychiatry 2023, 79, 103327. [CrossRef]
Elvidge, C.D.; Zhizhin, M.; Ghosh, T.; Hsu, EC.; Taneja, J. Annual time series of global VIIRS nighttime lights derived from
monthly averages:2012 to 2019. Remote Sens. 2021, 13, 922. [CrossRef]


https://doi.org/10.1016/j.jclepro.2022.134080
https://doi.org/10.1016/j.jag.2023.103246
https://doi.org/10.1016/j.chieco.2021.101722
https://doi.org/10.1016/j.scs.2022.103838
https://doi.org/10.1016/j.apgeog.2022.102719
https://doi.org/10.1016/j.rsase.2022.100789
https://doi.org/10.1016/j.eiar.2021.106602
https://doi.org/10.1016/j.rse.2021.112557
https://doi.org/10.1016/j.rse.2022.113016
https://doi.org/10.1016/j.scitotenv.2021.146579
https://www.ncbi.nlm.nih.gov/pubmed/33774300
https://doi.org/10.1080/01431161.2017.1342050
https://doi.org/10.1016/j.jag.2021.102421
https://doi.org/10.1016/j.asieco.2023.101589
https://www.ncbi.nlm.nih.gov/pubmed/36817697
https://doi.org/10.1016/j.esr.2022.100963
https://doi.org/10.1016/j.deveng.2021.100067
https://doi.org/10.1016/j.cities.2022.103808
https://doi.org/10.1016/j.worlddev.2020.105287
https://doi.org/10.1016/j.segan.2022.100728
https://doi.org/10.1016/j.geoforum.2022.10.007
https://www.ncbi.nlm.nih.gov/pubmed/36405005
https://doi.org/10.1016/j.chemosphere.2022.137638
https://doi.org/10.1016/j.ecolind.2023.109950
https://doi.org/10.1016/j.jclepro.2021.126561
https://doi.org/10.1016/j.buildenv.2021.107718
https://doi.org/10.1016/j.tranpol.2022.09.002
https://doi.org/10.1016/j.jtbi.2022.111279
https://doi.org/10.1016/j.ajp.2022.103327
https://doi.org/10.3390/rs13050922

Remote Sens. 2023, 15, 1989 15 of 15

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Deng, M.; Lai, G,; Li, Q.; Li, W.; Pan, Y,; Li, K. Impact analysis of COVID-19 pandemic control measures on nighttime light and air
quality in cities. Remote Sens. Appl. Soc. Environ. 2022, 27, 100806. [CrossRef]

Zhang, Y.; Peng, N.; Yang, S.; Jia, P. Associations between nighttime light and COVID-19 incidence and mortality in the United
States. Int. J. Appl. Earth Obs. Geoinf. 2022, 112, 102855. [CrossRef] [PubMed]

Kim, D. Assessing regional economy in North Korea using nighttime light. Asia Glob. Econ. 2022, 2, 100046. [CrossRef]

Li,J.; He, S.; Wang, J.; Ma, W,; Ye, H. Investigating the spatiotemporal changes and driving factors of nighttime light patterns in
RCEP Countries based on remote sensed satellite images. J. Clean. Prod. 2022, 359, 131944. [CrossRef]

Zheng, Q.; Weng, Q.; Wang, K. Characterizing urban land changes of 30 global megacities using nighttime light time series stacks.
ISPRS ]. Photogramm. Remote Sens. 2021, 173, 10-23. [CrossRef]

Straka, W.; Kondragunta, S.; Wei, Z.; Zhang, H.; Miller, S.; Watts, A. Examining the Economic and Environmental Impacts of
COVID-19 Using Earth Observation Data. Remote Sens. 2021, 13, 5. [CrossRef]

Anand, A.; Kim, D. Pandemic Induced Changes in Economic Activity around African Protected Areas Captured through
Night-Time Light Data. Remote Sens. 2021, 13, 314. [CrossRef]

Li, C; Li, X.; Zhu, C. Night-Time Skyglow Dynamics during the COVID-19 Epidemic in Guangbutun Region of Wuhan City.
Remote Sens. 2022, 14, 4451. [CrossRef]

Hayakawa, K.; Keola, S.; Urata, S. How effective was the restaurant restraining order against COVID-19? A nighttime light study
in Japan. Jpn. World Econ. 2022, 63, 101136. [CrossRef]

Yang, Y.; Wu, J.; Wang, Y.; Huang, Q.; He, C. Quantifying spatiotemporal patterns of shrinking cities in urbanizing China: A
novel approach based on time-series nighttime light data. Cities 2021, 118, 103346. [CrossRef]

Xue, R;; Wang, S.; Zhang, S.; Zhan, J.; Zhu, J.; Gu, C.; Zhou, B. Ozone Pollution of Megacity Shanghai during City-Wide Lockdown
Assessed Using TROPOMI Observations of NO, and HCHO. Remote Sens. 2022, 14, 6344. [CrossRef]

Ma, Q.; Wang, J.; Xiong, M.; Zhu, L. Air Quality Index (AQI) Did Not Improve during the COVID-19 Lockdown in Shanghai,
China, in 2022, Based on Ground and TROPOMI Observations. Remote Sens. 2023, 15, 1295. [CrossRef]

Tian, S.; Feng, R.; Zhao, J.; Wang, L. An Analysis of the Work Resumption in China under the COVID-19 Epidemic Based on
Night Time Lights Data. ISPRS Int. J. Geo-Inf. 2021, 10, 614. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.rsase.2022.100806
https://doi.org/10.1016/j.jag.2022.102855
https://www.ncbi.nlm.nih.gov/pubmed/35757461
https://doi.org/10.1016/j.aglobe.2022.100046
https://doi.org/10.1016/j.jclepro.2022.131944
https://doi.org/10.1016/j.isprsjprs.2021.01.002
https://doi.org/10.3390/rs13010005
https://doi.org/10.3390/rs13020314
https://doi.org/10.3390/rs14184451
https://doi.org/10.1016/j.japwor.2022.101136
https://doi.org/10.1016/j.cities.2021.103346
https://doi.org/10.3390/rs14246344
https://doi.org/10.3390/rs15051295
https://doi.org/10.3390/ijgi10090614

	Introduction 
	Materials and Methods 
	Study Area 
	Materials 
	Methods 

	Results 
	Spatio-Temporal Changes of MNLR in the Yangtze River Delta under Largest Lockdown 
	Spatio-Temporal Changes of MNLR before Outbreak of COVID-19 
	Comparison of MNLR Changes before and after Outbreak of COVID-19 
	Comparison of MNLR Changes in Major Agglomerations in China 

	Discussion 
	Conclusions 
	References

