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Spatiotemporal Analysis of Urban Nighttime
Light After China Lifted 3-Year-Old

COVID-19 Restrictions
Ting Hu and Wenqing Shao

Abstract—China fully lifted restrictions of the COVID-19 pan-
demic on December 7, 2022. However, the influence of this policy on
urban socioeconomic activities is unclear. Remotely sensed night-
time light (NTL) data have been widely used in evaluating public
policies in near real time; therefore, this article attempts to explore
the spatiotemporal impact of liberalization on mainland China
from the perspective of NTL data. Taking 25 cities with different
development levels as representatives, based on daily Black Marble
NTL product (VNP46A2), we obtained monthly and weekly aver-
aged NTL images before and after liberalization, and calculated
NTL changes in concentric rings to detect the spatiotemporal vari-
ations from the urban centers, which can reflect the urban vitality
to some degree. Experiment results show that urban NTL radiances
within 18 km from urban center are generally on the rise after the
lifting of restrictions. The increase of NTL around urban core is the
most significant, and the increase intensity decreases exponentially
(R2 > 0.7) with the distance from city center or near-center for most
cities. Furthermore, NTL radiance generally increases significantly
within 1–2 weeks after the lifting in megacities, and different
levels of cities responded differently. NTL of megacities and large
cities generally changed more rapidly than small–medium cities.
Moreover, although mainland China has experienced 3 years of
pandemic control, urban development is still underway. The lifting
of COVID-19 travel restrictions has brought back the recovery
of urban economic vitality. These findings can provide insightful
support to urban construction and policy guidance intervention
after the pandemic.

Index Terms—Center-periphery structure, nighttime light,
spatiotemporal dynamics, the lifting of COVID-19 restrictions,
urban vitality.

I. INTRODUCTION

S INCE December 2019, several cases of viral pneumonia
have been successively reported in Wuhan, Hubei Province.
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The World Health Organization said on January 30, 2020 that
the pneumonia epidemic caused by the novel coronavirus has
constituted a public health emergency of international concern
[1]. Since the outbreak of the COVID-19 pandemic, it has
caused a huge impact on the natural environment and human
society. The pandemic has surged the occurrence of psycholog-
ical symptoms, such as depression, anxiety, and stress. Besides,
it may impair the functioning of human body over time [2].
COVID-19 spread quickly and widely, and hence the number
of global infected persons continued to increase. To effectively
resist COVID-19, many countries adopted series of nonmedical
measures, such as lockdown to slow the rise of the number of
infections [3], [4]. However, studies have shown that nonmedical
prevention and control measures have an impact on natural envi-
ronment and social conditions. Prevention and control measures
would cause the change natural environment conditions [5].
Also, these measures may affect the temporal choice and spatial
characteristics of leisure activities for the youth during the period
of lockdown [6]. Different lockdown measures brought different
impacts on national gross domestic product (GDP) recovery [7].

During the period of prevention and control, remote sensing
technology has played a significant role in monitoring the land
surfaces. In order to effectively solve the shortage of medical site,
Chinese government utilized remote sensing satellite images to
quickly assess the construction environment and conditions, and
the construction of Vulcan Mountain Hospital was completed in
only 8 days. Meanwhile, as an emerging direction in the field
of remote sensing, remotely sensed nighttime light (NTL) is
widely used in monitoring of socioeconomic vitality and timely
evaluation of public policies by acquiring visible NTL data for
area-in-interest [8]. Using DMSP/OLS NTL data from 1992 to
2012, spatiotemporal expansion and driving factors of urban
agglomerations were analyzed based on extracting the built-up
area in the central plains of China [9]. Besides, many studies have
established relationships between NTL radiances and socioeco-
nomic elements, thereby using NTL data to assess the social de-
velopment [10], [11], [12], [13], [14], [15]. Based on NPP/VIIRS
NTL data, a polynomial optimal model was constructed to invert
the flood-affected population factor and evaluate the affected
area [16]. Shi et al. [17] used Chongqing as study area to
analyze poverty based on multisource data, such as NTL and
digital elevation model. DMSP/OLS and NPP/VIIRS NTL were
used to invert the “urban core-suburban-rural” structure under
time-series images [18]. Hu et al. [19] utilized these two kinds
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of NTL data to model the spatiotemporal dynamics of global
electric power consumption for nearly 30 years. Also combined
with GDP statistics, NTL was used to analyze spatiotemporal
characteristics of economic development in the Yangtze River
Delta region [20]. In summary, remotely sensed NTL cannot
only promote the integration of NTL with other data, but also
promote multidisciplinary development.

Also, NTL data, including DMSP/OLS, NPP/VIIRS and
Luojia1-01, have been employed to study the impact of COVID-
19 on a wide range of aspects of people’s lives, health, and
socioeconomic development. Christopher and Daniel [21] uti-
lized NTL to reflect the spatial variation characteristics of the
confirmed cases and corresponding impact. Jiang et al. [22] eval-
uated the changes of socioeconomic factors with the assistance
of NTL during the pandemic. Zhang et al. [23] analyzed the
heterogeneity of the COVID-19 pandemic on urban economy
at different spatiotemporal scales. Yin et al. [24] evaluated
the recovery of urban activity in China around the COVID-19
pandemic period in early 2020 by NTL. Lan et al. [25] effec-
tively adopted NTL to assess spatiotemporal changes in human
activities induced by COVID-19. Luenam and Puttanapong [26]
identified the spatial association between COVID-19 incidence
rate and NTL index. Zhao et al. [27] focused on the spatiotem-
poral changes of NTL along the Sino–Burma border during
COVID-19 pandemic. Zhang et al. [28] intended to explore the
associations among NTL differences and COVID-19 incidence
and mortality in U.S. counties.

In the last 3 years, the Chinese government continuously
optimized pandemic prevention and control measures, and fully
lifted the 3-year-old restrictions on December 7, 2022 [29].
Previous literature provided information on the urban changes
during outbreak prevention and control, and lacked the timely
analysis of the impact of the pandemic control liberaliza-
tion policy. Therefore, this article pays close attention to this
policy change in pandemic control, and attempts to investi-
gate the spatiotemporal dynamic of urban NTL after China
lifted 3-year-old COVID-19 restrictions. In this article, we se-
lected 25 cities of different spatial distributions and develop-
ment levels in Chinese mainland territory, and then generated
monthly/weekly averaged NTL images based on Black Mar-
ble daily NTL product. Concentric ring analysis is commonly
employed to explore the spatial pattern of urban elements due
to the macroscopically central-peripheral structure of the city
[30]. It divides urban areas into a series of rings, which is
used to quantify the distance variation of urban elements from
city centers [31]; therefore, we employed concentric rings to
analyze spatiotemporal dynamics of NTL changes before and
after this lifting policy. In addition, we compared NTL images
of different years to indirectly reflect the change of urban
economic vitality.

The rest of the article is organized as follows. Section II
describes datasets and methods we used in this article. Spa-
tiotemporal dynamic of urban NTL changes is presented and
reported in Section III. The urban economic vitality recovery
in view of NTL is discussed in Section IV. Finally, Section V
concludes this article.

II. DATASETS AND METHODOLOGY

A. Datasets

Daily black marble NTL data: We selected NASA’s Black
Marble VNP46A2 product since it can provide the Earth’s NTLs
at a daily frequency [32]. Also, compared to its former version
(VNP46A1), it has been further refined, such as atmospheric cor-
rected, cloud-removed, and substantial sensitivity enhancement
[33]. According to the announcement on the normalization of the
pandemic issued by the Chinese government, we downloaded
daily NTL images from 1 month (31 days) before the policy to
2 months (62 days) after.

Administrative boundary vector: Related files of the mainland
China were obtained from the official website. First, in view of
land area and spatial distribution, we chose cities according to
geographic location in order to guarantee a balanced distribution.
Second, cities are usually of different development levels. We
briefly measure the scale of urban development by population
size. According to the Chinese Urban Statistical Yearbook and
the seventh population census, we divided mainland cities into
three levels: megacities, large cities, and small–medium cities.
Please mention that Hong Kong, Macao, and Taiwan are not
considered in this article.

Baidu Map Pickup Coordinate System (https://api.map.baidu.
com/lbsapi/getpoint/index.html) was used to obtain the coor-
dinates of urban centers of selected cities, and the locations
were checked and adjusted by referring to Google Maps and
Open Street Map. We chose the seat of the municipal people’s
government as the initial urban center. In order to ensure that
the point is in the prosperous area of urban development, Google
Maps and Open Street Map were used to check the infrastructure
construction and transportation construction around the point.
Otherwise, the geographical location of the urban center was
finely adjusted. The geographic coordinates of this point can be
obtained by Baidu Map Pickup Coordinate System. Finally, nine
megacities, eight large cities, and eight small–medium cities, and
the coordinates of urban center points are given in Table I.

Urban built-up areas data: Built-up area refers to the land sur-
face that is mainly densely covered by building structures/roads
within the administrative area of the city. The built-up area
dataset of Chinese cities in 2020 was employed, which is based
on the Google Earth Engine cloud platform and generated using
Sentinel data [34].

B. Weekly and Monthly Averaged NTL Images

To improve the reliability of NTL data in urban areas, we
proposed the following three conditions to remove untrusted
pixels. First, the NTL value should fall into valid range, that
is, NTL radiance of a pixel is not less than 0 and not equal
to 65 535 (the flag of invalid observation). Second, the daily
NTL observation should be qualified. Therefore, we used the
mandatory flag, quality flag of cloud mask, and snow flag to serve
as quality control information. Third, only the NTL observed
within the urban built-up area were considered to eliminate the
remaining noise.

https://api.map.baidu.com/lbsapi/getpoint/index.html
https://api.map.baidu.com/lbsapi/getpoint/index.html
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TABLE I
COORDINATES OF URBAN CENTER POINTS

Fig. 1. Monthly averaged NTL images before and after the lifting of restrictions in Nanjing.

Considering the uncertainties of VNP46A2 product and
VIIRS instrument [33], we made temporal compositing of
VNP46A2 images to generate weekly and monthly averaged
NTL data for each city. Taking Nanjing as an example, monthly
averaged NTL images before and after this policy are shown in
Fig. 1. It can be clearly observed that NTL radiance in Nanjing
area increased significantly 1 month after China lifted 3-year-old
COVID-19 restrictions.

We further generated a monthly difference image by raster
calculation to compare characteristics of spatiotemporal changes

of urban NTL. The monthly difference image is defined as
follows:

RadianceDif = RadianceAfter − RadianceBefore (1)

where RadianceDif refers to the monthly difference NTL radi-
ance value, RadianceAfter is the monthly averaged NTL radiance
after the lifting restrictions, and RadianceBefore is the monthly av-
eraged NTL radiance before China lifted 3-year-old COVID-19
restrictions.
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C. Concentric Ring Analysis

Urban center is formed by the concentration of population
and socioeconomic elements. Concentric ring division of cities
is a commonly used method in the field of urban form and urban
disorderly expansion [35]. Concentric ring analysis can well
capture the center-periphery structure of a city [36], thereby
revealing the variation of urban elements with distance to urban
center [37]. It implies the division of urban areas from the center
of a city into a series of concentric rings and the dynamic analysis
of urban elements under different rings [38].

In this article, two concentric ring division methods were
employed for the analysis of monthly and weekly averaged NTL
images, respectively, by referring to [39]. The first method was
constructing a series of equidistant concentric rings with the
interval of 2 km based on the monthly averaged NTL images, to
reveal the spatial structure of urban NTL before and after China
lifted COVID-19 restrictions. The second one was multidivided
concentric rings, spaced at intervals of 3, 5, 10, and 20 km, which
were designed for the weekly averaged NTL images, to reflect
the change of urban NTL radiance over time. The reason why
equidistant concentric ring analysis was not used in temporal
analysis will be detailed in Section III-B.

In addition, considering that urban centers may be geograph-
ically located near the administrative boundaries of cities, we
used the administrative boundary vector to clip the concentric
rings, in case that their concentric rings would cover surround-
ing cities. The above operation ensures that the spatiotemporal
dynamics analysis is only focused on the cities of interest. For
each concentric ring, we calculated the mean values and standard
deviations of NTL radiance changes. The overall workflow of
this article is shown in Fig. 2.

III. RESULTS

A. Different Spatial Types of Urban NTL Changes

We generated the monthly difference NTL image of each
selected cities based on the averaged NTL images 1 month before
and after China lifted COVID-19 restrictions. For the monthly
difference NTL, a negative value indicates a decrease in NTL
radiance compared to the NTL value in the period of prevention
and control, and a positive value represents an increase in NTL
radiance.

Xu et al. [39] defined the uncertain range of VNP46A1 prod-
uct as (−20, 20) when it was used to analyze NTL changes. In this
article, VNP46A2 with higher accuracy was employed. There-
fore, the uncertain range should not be larger. We conducted
a sensitive analysis to examine the impact of different ranges
(i.e., −20 to 20, −10 to 10, and −5 to 5) on the results. It turns
out that a wider range like (−20, 20) could ignore some small
changes, and the other two ranges lead to broadly consistent
results. But the results of (−10, 10) is more robust to data noise.
Therefore, we defined difference value ranging from −10 to 10
as the uncertain changes of pixels, and only changes beyond this
range were analyzed. The urban NTL changes can be divided
into three types, and Fig. 3 shows the spatial distributions for
seven representative cities of these three types.

Fig. 2. Overall workflow of this article.

The first kind mainly occurs in large cities and megacities
(includes Urumqi, Tianjin, Shenzhen, Taiyuan, and Yinchuan).
NTL radiance increases significantly around the area of urban
center; however, it decreases in the peripheral area away from the
center. The second type is that within the effective urban areas,
NTL radiance mainly shows an enhanced spatial distribution. A
total of 87.5% of small–medium cities (i.e., Anqing, Hengshui,
Jingzhou, Xinji, Zhumadian, Shuozhou, and Chenzhou), 62.5%
of large cities (i.e., Xuzhou, Xianyang, Lanzhou, Changchun,
and Nanchang), and 77.8% of megacities (i.e., Xi’an, Beijing,
Chongqing, Shanghai, Guangzhou, Changsha, and Nanjing) are
of the second type. Nearly all the selected cities belong to the
former two types, except one small-sized city, Zhangjiajie. There
is no significant change in the NTL radiance before and after
China lifted 3-year-old COVID-19 restrictions.

B. Spatial Variations of Urban NTL Changes Using
Equidistant Rings

We analyzed the monthly difference NTL images by using
a series of concentric rings with 2 km interval, and calculated
mean values and the standard deviations in different rings of each
city. Overall, NTL around urban center changes significantly;
however, the change pattern can be divided into the following
three types, and the spatial change results of thirteen cities in
these three types are shown in Fig. 4. The results of remaining
cities are displayed in Figs. 12–13 of the Appendix.

The first type is, as Figs. 4(a) and 12 show, with the increase of
distance from city center, the change of NTL radiance gradually
rises, reaching the maximum value, and then decreasing to nearly
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Fig. 3. Different spatial types of urban NTL change value. (a) First type, showing that NTL radiance increases significantly around the area of urban center,
however, it decreases in the peripheral area away from the center. (b) Second type, describing that NTL radiance mainly shows an enhanced spatial distribution
within the effective urban areas. (c) Third type, showing that there is no significant change in the NTL radiance before and after China lifted 3-year-old COVID-19
restrictions.

zero. We find that all cities in this category have a positive differ-
ence value within 18 km from the urban center, indicating that
NTL in these areas become brighter after the opening-up. But
it increases most significantly at a certain distance from the city
center, and then the change of NTL radiance gradually weakens
with the distance from the city center. It can be observed that the
highest value occurs in the ring about 4–8 km from urban center
in these cities. From this ring to more distant one, the changes
of NTL gradually weaken. It should be caused by the selection
of urban center points. For each city, the urban center point we
chose belongs to the prosperous area of the city, but there is a
good chance this place would not experience the largest change
of light intensity. For example, there were some socioeconomic
activities not affected by the pandemic control at the selected

center place, which results in the impact of COVID-19 to another
prosperous place (only about 4–8 km far from center place) is
the most dramatic in the whole city. The first type of trend is
mainly found in megacities (i.e., Xi’an, Chongqing, Changsha,
and Tianjin) and large cities (i.e., Nanchang, Taiyuan, Yinchuan,
Changchun, and Urumqi).

Referring to [30], we applied the inverse-S model in (2) to
explore the trend of NTL changes

f (r) =
a

(1 + eb−cr)
(2)

where f is the value of NTL change, r is the radius from the city
center to a concentric ring, e is Euler’s number, and a, b, and c are
parameters. From Fig. 4(a), we can find that the fitting curves of
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Fig. 4. Spatial variations of urban NTL changes using equidistant rings with 2-km interval. (a) First type is that with the increase of distance from city center,
the change of NTL radiance gradually rises, reaching the maximum value, and then decreases to nearly zero. (b) Second type is that the change of NTL radiance
shows a tendency of decrease. (c) Third type is that the overall change of NTL radiance exhibits a fluctuating trend.

NTL in these cities are highly in line with inverse-S shape (R2

above 0.75). For this type, around the central areas, the value
of NTL changes remains stable, and then decays quickly, and
finally decreases to zero in the outer suburbs.

The second type is shown in Figs. 4(b) and 13, where the
change of NTL radiance shows a tendency of decrease. For this
type, we employed exponential function to build the relationship.
The results show that the change value of urban NTL radiance
(y) decreases with the increase of distance (x) from the city
center, which is significantly consistent with the exponential
model y = aebx(a > 0, b < 0, x > 0), with R2 in all cities not
less than 0.7.

Therefore, in this type, the closer to urban center, the more
significant the increase in NTL radiance. And the change of NTL
radiance decreases exponentially with the increasing distance

from city center. A total of 56% of the selected cities (a total
of 14 cities) conform to this kind, including 87.5% of small-
and medium-sized cities (i.e., Jingzhou, Shuozhou, Chenzhou,
Xinji, Hengshui, Zhangjiajie, and Zhumadian), 37.5% of large
cities (i.e., Xuzhou, Xianyang, and Lanzhou), and 44.44% of
megacities (i.e., Nanjing, Guangzhou, Shanghai, and Beijing).

The third type [Fig. 4(c)] is that the overall change of NTL ra-
diance exhibits a fluctuating trend, and a significant increase at a
distance from the city center can be observed. Among all selected
cities in this article, Shenzhen belongs to this type. The most sig-
nificant increase of NTL radiance is found at 34 km from the city
center, which is completely different from the above two types.

Considering the influence of urban regional development poli-
cies, the internal spatial structure and functional area distribution
have evolved from single center to multicenter in several cities,
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Fig. 5. Spatial variation structure of NTL difference radiance in the administrative districts of Shenzhen using equidistant concentric rings with 1-km interval,
including Nanshan district, Yantian district, Longgang district, Futian district, Luohu district, and Bao’an district.

and Shenzhen is basically in line with this trend [40]. Therefore,
for the change of NTL radiance in Shenzhen, we made a further
analysis from the perspective of a smaller spatial scale, i.e., the
district. Shenzhen City is constituted by Luohu District, Futian
District, Nanshan District, Bao’an District, Longgang District,
and Yantian District.

Specifically, we selected centers of administrative districts
to generate a series of concentric rings with 1-km interval for
each district, which were used to analyze the monthly difference
NTL image. From Fig. 5, we can find that the change of NTL
radiance is different in each district. The curves of NTL changes
in Yantian, Nanshan, and Longgang Districts all exhibit an
attenuation trend (similar to the above mentioned second kind),
while the changes of NTL radiance in Futian, Luohu, and Bao’an
districts show more similar to the first kind of trend above.
Therefore, choosing only one urban center for Shenzhen led to a
fluctuate trend of NTL change. It is reasonable to set multicenters
in the concentric ring analysis for these polycentric cities, or the
changes of NTL radiance would show fluctuations.

In summary, it can be concluded that both exponential model
and inverse-S model can describe the spatial variation of NTL
changes if center points are selected reasonably. Regardless of
the city levels, from central area or near-center to marginal area
of the city, the change of urban NTL is getting lower.

C. Temporal Variations of Urban NTL Radiance

To have a knowledge of the impact of opening-up policy on
urban NTL changes at a weekly scale, we obtained weekly
averaged NTL images of 4 weeks before and 8 weeks after
to obtain the NTL changes within different rings (0–3, 3–5,
5–10, and 10–20 km). From the results of spatial patterns in

Section III-B, we can observe that the changes of monthly
averaged NTL radiances drop significantly with the distance to
the city center, which means the NTL changes barely varies in the
outer suburbs. If equidistant rings were used for weekly averaged
NTL data, the main spatiotemporal patterns could be disturbed
by similar but meaningless curves. Therefore, temporal analysis
was conducted with nonequidistant rings. Temporal variations of
urban NTL radiance of different types of cities are, respectively,
displayed in Figs. 6–8, where the abscissa label “−1” represents
the first week before the lift of restrictions, and “1” denotes the
first week after, and so on. Three main findings can be observed.

First, the timing of significant increase in NTL varies across
cities, even for the same city level, indicating the response time
to the related policies of each city is different. Taking Nanjing
and Tianjin as examples, both cities belong to the megacity type;
however, NTL radiance in Nanjing increases significantly in the
first week after the release of control, while the rise in Tianjin
appears 2 weeks after the opening-up. In addition, after the lifting
of restrictions, the NTL in megacities and large cities usually
change rapidly, and the response to policies is fast and timely.
NTL radiance generally increases significantly within 1–2 weeks
after the government lifted COVID-19 restrictions.

Second, the trends of weekly averaged NTL radiance in differ-
ent rings of the same city are basically consistent in most cases
(i.e., Beijing, Nanjing, Taiyuan, and Anqing). Taking Nanjing
as an example, weekly averaged NTL radiance in different rings
(0–3, 3–5, 5–10, and 10–20 km) is manifested as four different
curves, but each polyline has the same inflection position. At
the first, fifth, and seventh weeks after the release of control,
weekly averaged NTL radiances increase. And at the fourth and
sixth weeks after the release of control, weekly averaged NTL
radiances decrease. Although the trends in different rings of the
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Fig. 6. Temporal variations of weekly averaged NTL radiance using multidivided concentric rings (0–3, 3–5, 5–10, and 10–20 km) in megacities.

Fig. 7. Temporal variations of weekly averaged NTL radiance using multidivided concentric rings (0–3, 3–5, 5–10, and 10–20 km) in large cities.

same city are basically consistent, the change magnitudes are
notably different. For megacities, NTL radiance varies signifi-
cantly over time within 10 km from urban center; for large and
small–medium cities, NTL radiance in the area of 0–5 km away
from urban center changes notably in most cases, while NTL
radiance in the area of 10–20 km away from urban core only
exhibits slight change.

Third, at the fifth to sixth week after the lifting of restrictions,
weekly averaged NTL radiance increases significantly in

some large cities and small–medium cities (within 5 km
from urban center), compared with the previous weeks.
Xinhua News Agency said that the annual Spring Festival
has officially started on January 13, 2023 [41], and hence
Spring Festival travel rush basically started from the fifth
week after the lifting of COVID-19 restrictions, i.e., January
8–14, 2023. The large-scale population movement brought
by the Spring Festival led to an increase in the weekly
averaged NTL radiance in cities with large numbers of migrant
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Fig. 8. Temporal variations of weekly averaged NTL radiance using multidivided rings (0–3, 3–5, 5–10, and 10–20 km) in small–medium cities.

workers [42], such as Zhumadian, Anqing, Lanzhou, Urumqi,
and Hengshui.

Last but not the least, we focused on the differences in the
response of Chinese first-tier cities (i.e., Beijing, Shanghai,
and Guangzhou) to the opening-up policy. In Beijing, the NTL
radiance began to increase 1 week before the pandemic restric-
tions were fully lifted. In Shanghai, NTL radiance gradually
increased after the lifting of COVID-19 restrictions and reached
a maximum in the third week. Guangzhou, as an important
central city in China, actively responded to the national policy,
and its NTL change was influenced by many factors. Therefore,
the NTL radiance of Guangzhou reached a maximum in the first
week after the opening up and then fluctuated over time. It can
be inferred that as the political center, Beijing could better sense
policy changes in advance, while Shanghai took conservative
measures to gradually liberalize controls, considering Shanghai
has just experienced over 3 months of pandemic prevention and
control in the first half of 2022.

IV. DISCUSSIONS

Urban life generally consists of economic life, social life,
and cultural life, and hence urban vitality generally includes
three aspects: urban economic vitality, urban social vitality, and
urban cultural vitality. It has been widely reported that NTL is
correlated with multiple economic indicators, such as GDP and
population. Therefore, we believe that NTL data can indirectly
reflect the urban vitality, especially the urban economic vitality
[43]. In this way, we considered NTL as an indicator of urban
vitality. To explore the urban economic vitality recovery, the
monthly averaged NTL data before and after the lifting of
restrictions were compared and analyzed, according to three
city classes: megacities, large cities, and small–medium cities.

Considering that at the time we conducted the experiments, the
availability of daily Black Marble product was only until March
22, 2023, we utilized the daily NTL dataset from February 20 to
March 22 to generate the monthly averaged NTL image after the
restrictions was lifted. Therefore, we can exclude the influence
of the mass population migration during the Spring Festival.
In addition, daily Black Marble images from the same period
before the outbreak of COVID-19 (i.e., 2017, 2018, and 2019)
were acquired for comparative analysis. Since this time period
of 2018 included the Spring Festival, we postponed the start
time of the control group to March 1 to obtain the monthly
averaged images in 2017–2019. Subsequently, concentric ring
analysis was performed to measure the NTL temporal changes
in different rings over these years.

Figs. 9–11show the averaged NTL radiances in 2017, 2018,
2019, and 2023 for megacities, large cities, and small–medium
cities, respectively. It can be observed that regardless of the city
level and ring distance, among 4 years, the NTL intensity in 2023
is higher, and in most cases even the highest. That is, the NTL
vibrancy generally returns to the condition of the period when
COVID-19 was not outbreak. However, the recovery degree
varies from the city level. The NTL radiances of megacities
and large cities in 2023 are generally higher than those in other
years, while the NTL radiance of small–medium cities are about
the same as those in the years before COVID-19.

Furthermore, we selected Changsha, Taiyuan, and Jinzhou
as representatives to analyze the NTL radiances of urban core
and peripheral areas over these years. In the built-up area of
Changsha, the area within 10 km from the city center is defined
as urban core, and the area between 22 and 32 km from the city
center is regarded as the peripheral area, by referring to [46] and
population map of Changsha. In the built-up area of Taiyuan,
the area within 6 km from city center is viewed as urban core,
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Fig. 9. Monthly averaged NTL radiance value of different years in megacities cities: Xi’an, Beijing, Nanjing, Guangzhou, Changsha, Shenzhen, Shanghai,
Chongqing, and Tianjin.

Fig. 10. Monthly averaged NTL radiance value of different years in large cities: Changchun, Xuzhou, Nanchang, Lanzhou, Taiyuan, Xianyang, Yinchuan, and
Urumqi.

and the area between 22 and 28 km from city center is defined
as the peripheral area. As for Jinzhou, a small–medium city, the
thresholds for determining the urban core and peripheral area
are 4 and 10–14 km, respectively. The corresponding results of

the three cities are listed in Table II, where “Y2023–Y2019”
denotes the difference of NTL radiance between year 2023 and
2019. In terms of space, the NTL radiance of all the three cities
recovered somewhat after the lifting of restrictions, and the NTL
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Fig. 11. Monthly averaged NTL radiance value of different years in small–medium cities: Zhumadian, Jingzhou, Shuozhou, Zhangjiajie, Hengshui, Xinji, Anqing,
and Chenzhou.

TABLE II
MONTHLY AVERAGED NTL DIFFERENCE IN DIFFERENT AREAS OF CHANGSHA,

TAIYUAN, AND JINGZHOU

recovery intensity of urban core was significantly higher than
that of the peripheral area. In terms of time, compared with
2019, the NTL radiance of Changsha and Taiyuan increased
significantly after the opening-up policy, and that of Jinzhou
only experienced a slight increase. However, the NTL values
of all the three cities in 2013 were higher than those in 2017
and 2018.

Therefore, it can be inferred that the lifting of travel restric-
tions has led to a recovery of urban NTL, and the NTL has
returned to levels higher than 2017 and 2018. During the 3-year
pandemic period, mainland China still experienced continuous
development [47]. The lifting policy promoted the recovery of
urban economic vitality and gradually restored normalization of
life.

V. CONCLUSION

China has officially fully lifted the travel restrictions of
the COVID-19 pandemic on December 7, 2022, which means
residents’ activities will not be subject to those restrictions in-
duced by the pandemic, such as home quarantine and quarantine
for 3 days after arrival at the destination. Therefore, this article
investigated the impact of this event on urban residential life and
socioeconomic activities from the perspective of NTL remote
sensing data.

To have a full understanding of the spatiotemporal dynamics
in mainland China, we randomly selected 25 cities with different
population sizes and geographical locations as representatives
for analysis, including 9 megacities, 8 large cities, and 8 small–
medium cities. It can be found that the NTL radiances within
the urban centers experienced significant increases in the month
following the opening-up event. Basically, the NTL intensity
in the first month after opening up is higher than that 1 month
before in most cities. In terms of the spatial structure of urban
NTL changes, the lift of restrictions brought the most significant
increase to the NTL of the central area and the insignificance to
the peripheral regions. Both exponential model and the inverse-
S function can describe the spatial variation of NTL changes.
As for the temporal profile, each city has different response to
this lifting policy. Typically, the NTL changed more rapidly in
megacities and large cities than in other cities. Finally, we found
that compared to the period before pandemic outbreak (2017–
2019), urban NTL radiances after the lift of restrictions returned
to previous levels in all city ranks, while the recovery degrees
varied from different types. Lifting restrictions of COVID-19
has contributed to the recovery of urban economic vitality and
mainland China has gradually returned to or even surpassed the
socioeconomic level of the nonoutbreak period.
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APPENDIX

Fig. 12. First type of spatial variation structure in monthly averaged NTL
difference images in the remaining cities: Changchun, Changsha, Taiyuan, and
Yinchuan.

Fig. 13. Second type of spatial variation structure in monthly averaged NTL
difference images in the remaining cities: Guangzhou, Shuozhou, Zhumadian,
Xinji, Zhangjie, Xianyang, Chenzhou, and Lanzhou.
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