Ecological Indicators 150 (2023) 110250

Contents lists available at ScienceDirect

ECOLOGICAL
INDICATORS

Ecological Indicators

e 4

ELSEVIER

journal homepage: www.elsevier.com/locate/ecolind

Original Articles , 1) .

Check for

Can economic growth and urban greenness achieve positive synergies o

during rapid urbanization in China?

Min Cheng *", Shaochua Wu®", Canying Zeng?, Xiaolu Yu®, Jingyi Wang®

2 Institute of Land and Urban-Rural Development, Zhejiang University of Finance and Economics, Hangzhou 310018, China
Y Institute of “Eight-Eight” Strategies of Zhejiang, Hangzhou 310018, China

ARTICLE INFO ABSTRACT

Keywords: Rapid urban expansion reflects the increasing economic growth in China. As an original conceive for urban
Urbanization sustainability, economic growth contributes to vegetation changes. However, the spatiotemporal heterogeneity
Incoordination

of the relationships between these two factors remains unclear in China. After analyzing the spatiotemporal
characteristics of the urban expansion in different cities in China from 2002 to 2020, we found a rapid and
continuous urban expansion in China, with the mean annual expansion of 1710.96 km? year ! (p < 0.01).
However, based on the trends of annual maximum enhanced vegetation index (EVIq) and the nighttime light
(NTL), a strong incoordination status (areas with significant increasing NTL (p < 0.05) but significantly
decreasing EVI,,x) between urban greenness and economic growthwas found during this rapid urban expansion
period. Spatially, >60% of cities showed incoordination status and 38.08% of cities showed strongly incoordi-
nation status. At pixels levels, these strong incoordination status in urban areas can be fully explained by long-
term average NTL digital Number (DN) gradient.Based on a piecewise linear regression model, the proportion of
areas with the strong incoordination status was significantly increased by the 1.07% DN™! (p < 0.01) when
multi-year average NTL value is <50, but decreased strongly afterward, with the slope of —2.96% DN ! (p <
0.01). The strong incoordination between urban greenness and economy can be rapidly mitigated with the rapid
economic growth. This threshold can be a critical indicator for decision-makers in identifying and analyzing the
status of ecological civilization in various regions of China.

Economic growth
Urban greenness
Nighttime light

1. Introduction

Urbanization involves a set of economic and environmental pro-
cesses, which was regarded as a key to deeply influence the regional
sustainable development (Wu et al., 2011; Normile, 2016; Ning et al.,
2022). This process also gets facilitated by the horizontal expansion of
cities, that is, the increase in urban built-up areas. According to a recent
study, the 68% of the global population will live in urban areas by 2050
(Sun et al., 2020). In addition, China’s urbanization rate has increased
from 17.92% to 52.57 % in recent decades (Liu et al., 2016). Un-
doubtedly, this population growth and migration from rural to urban
areas will produce a concomitant increased demand for urban built-up
areas and a development of regional economies. However, this rapid
process of urbanization showed spatial heterogeneity across the
different regions and cities in China because of its different social and
economic development and the different land policy (Wu et al., 2011;
Chen et al., 2016; Jia et al., 2020; Feng and Wang, 2022). During this
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rapid urbanization, it is important to obtain the accurate spatial infor-
mation of economy to explore the different relationships of urban
greenness and economic growth. However, traditional statistics cannot
be used to identify the spatial characteristics of economic growth in
different urban areas. In contrast, it has been found that nighttime light
data (NTL) provides a unique perspective on the artificial light intensity
at the pixels scale, which is widely used for monitoring the spatially
explicit dynamics of economic growth (Shi et al., 2014; Zhou et al.,
2018; Levin et al., 2020; McCallum et al., 2022; Zhao et al., 2022). For
instance, Shi et al. (2014) investigated the potential of NTL data in
modeling gross domestic product (GDP) at multiple scales and found
that NTL are effective for modeling socioeconomic changes. Recently,
based on calibrated NTL, Chen et al. (2022a) obtained a continuous
global gridded GDP dataset during 1992-2019. Therefore, in order to
analyze economic growth in each urban pixel, this NTL were used in our
study.

The complexities of the economy-environment dynamic compromise
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the goal of achieving urban sustainable development (Dobbs et al.,
2017; Fuetal., 2019; Fu et al., 2020; He et al., 2020). Sustainable urban
development depends on economic growth, while such growth also in-
fluences essential ecosystem functions in urban areas. On the one hand,
the vegetation degradation caused by rapid urbanization and economic
growth was demonstrated in many previous studies, (Zhao et al., 2013;
Dobbs et al., 2017; Liu et al., 2019; Yang et al., 2022a), which further
exacerbates the challenges and risks of the urban ecological environ-
ment (He et al., 2020; Yang et al., 2022a). On the other hand, with this
rapid economic growth, many resources have been invested in the
construction of infrastructure to improve the urban ecological envi-
ronment (Lu et al., 2019; Jia et al., 2020). Therefore, vegetation
greening was also observed in many urban areas (Ruan et al., 2019; Li
et al., 2020a; Sun et al., 2020; Cui et al., 2022; Wang et al., 2022). For
example, Li et al. (2020a) found that about 63 % of the areas in urban
environments in China showed greening trends during 2000-2013.
Similarly, based on the satellite-derived enhanced vegetation index in
1500-plus cities in China during 2000-2019, Li et al. (2023) found this
significant greening in urban core areas.

Generally, a significant spatial differentiation of the relationship
between urban greenness and economic growth was observed in the
urban cores and fringes. In other word, despite the rapid economic
growth, the greening trends gradually decreased from urban cores to
newly urbanized areas. Previous studies have already demonstrated the
vegetation degradation in many study areas (Lin and Wu, 2019; Liu
et al., 2020), and explored the spatial variations in vegetation greening
in urban areas (Sun et al., 2020; Shahtahmassebi et al., 2021; Cui et al.,
2022; Yang et al., 2022b). However, due to the different socioeconomic
levels of different sub-regions, the spatiotemporal heterogeneity of the
relationship between urban greenness and economic growth is uneven
in China. Hence, it is of value to consider spatial heterogeneity in
different regions of China. Furthermore, this spatial differentiation
pattern implies the possibile threshold effect, which represents the
economy boundary conditions for achieving positive synergy between
urban economic growth and greenness. But this possible threshold is
rarely quantified in previous studies. Therefore, the main focus of this
research was on the following questions: (1) During the rapid urbani-
zation period, which relationships exist between economic growth and
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vegetation dynamics in different cities and regions? (2) whether eco-
nomic growth and urban greenness can achieve positive synergies dur-
ing this period. (3) Providing scientific thresholds for urban economy
that can promote a synergistic relationship between urban greenness
and economic growth. This quantitative and better study of this scien-
tific threshold will be a critical indicator for decision-makers in identi-
fying and analyzing the status of ecological civilization in different
regions of China.

2. Materials and methods
2.1. Study area

In this study, we explored the spatiotemporal variations of urban
expansion and the relationship between urban greenness and economic
growth in 344 cities in China. Specifically, in the context of coordinated
regional development policy in China, two different administrative
levels were selected for multi-scale analysis (Fig. 1). Firstly, to
adequately understand the spatiotemporal heterogeneity of these
different relationships, China was divided into Eastern, Central, West-
ern, and Northeastern regions by national bureau of statistics (Available
online: https://www.stats.gov.cn/tjzs/cjwtjd/201308/t20130829_7
4318.html). The socioeconomic development and the process of ur-
banization of these economic regions were significantly different (Liu
et al., 2016; Shi et al., 2016a; Ning et al., 2022), which would affect the
different relationships between urban greenness and economic growth.
In addition, in order to analyze the spatiotemporal heterogeneity in
different urban areas, a further analysis of the different relationships in
four typical urban agglomerations was conducted.

2.2. Extraction of urban areas

The urban areas were extracted from the IGBP classification types
dataset at 500 m spatial resolution and annual time step during the
period of 2001-2020, which was provided by the Moderate Resolution
Imaging Spectroradiometer (MODIS) land cover product (MCD12Q1)
(Friedl and Sulla-Menashe, 2019). This land cover product has an overall
accuracy of 73.6% (Sulla-Menashe et al., 2019) and relatively high
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Fig. 1. The spatial distribution of four regions and four urban agglomerations in China.
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accuracy for urban areas (Sun et al., 2020). In addition, to identify the
spatial heterogeneity of the interannual variability of the economic
status and urban greenness and their relationship in different urban
areas in each city, urban areas were divided into two parts: central urban
areas and newly urbanized areas. The central urban areas refer to the
areas which converted to urban and built-up lands before 2002. The
newly urbanized areas in each year refer to the pixels changed to urban
and built-up area from 2002 to that year.

2.3. The nighttime lights

Previous studies have found that the nighttime light (NTL) provides
an insight into the artificial lights intensity which is widely used to
explore the spatial characteristics of economic growth in urban areas
(Chen and Nordhaus, 2011; Shi et al., 2014; Levin et al., 2020; Chen
et al., 2022a). In this study, a harmonized nighttime light dataset was
used as the economic growth indicator (downloaded from URL of http
s://doi.org/10.6084/m9.figshare.9828827 on June-4-2021). The
spatial resolution of this harmonized NTL data was 30 arc-seconds. It
shows a temporal consistent trend and was tagged in GEOTIFF file
format with the digital numbers (DN) ranging from 0 to 63 (Li et al.,
2020Db). In addition, due to the higher uncertainties in low-DN areas, we
only focus on the urban areas with DN values>10 in accordance with the
usage notes of this harmonized nighttime light dataset (Li et al., 2020b).
Moreover, this harmonized NTL time series data was resampled to 500 m
using ArcGIS software to match the spatial resolution of the urban areas.
Eventually, the average NTL in the different urban areas was calculated
according to the following equation. Meanwhile, a Mann-Kendall test
was used to detect the trend of this mean NTL in each city and each
urban pixel from 2002 to 2020.

L
NTLpean == S NTL; 1
- ; m

where n is the number of urban pixels in each year.NTLq, is the mean
NTL of the urban areas. NTL; indicate the NTL DN values in each pixel.

2.4. Urban greenness data

In our study, the enhanced vegetation index (EVI) at 500 m spatial
resolution from 2002 to 2020was used as an indicator of urban green-
ness, obtained from the MOD13A1 version 6.1 product (Didan, 2021).
EVI has greater sensitivity and partially eliminates the effect of canopy
background, which is widely used as an effective indicator of urban
vegetation status in many studies (Wang et al., 2019; Sun et al., 2020;
Wang et al., 2022; Zeng et al., 2022). Moreover, we conducted a
Savitzky-Golay filter for this EVI time series to reduce the spurious
changes caused by atmospheric contamination and clouds(Cheng et al.,
2022). From this EVI time series, the annual maximum EVI (EVI,,,4,) Was
generated to eliminate the influence of vegetation phenology. Similarly,
the average EVI,,q, values for each city was calculated. In addition, the
trend of the mean EVI,,q, values of each city and the trend of the EVI,;q,
for each urban pixel during 2002-2020 were evaluated.

2.5. Defining different relationships between NTL and EVIqy

Generally, economic growth has resulted in changes in vegetation
dynamics. To evaluate these relationships of urban greenness and eco-
nomic growth, the decoupling index (DI) was calculated over the period
of 2002-2020 according to the following equation (Zhu et al., 2020;
Shan et al., 2021).

(EVI'', — EVI2 )/EVI"

DI — max max max 2
(NTL" — NTL?)/NTL" 2
where EVI22 , EVIL and NTL2, NTLY refers to the mean EVIy,, values
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or NTL values in urban areas at the beginning and end of the period,
respectively.

Based on this decoupling index, cities were grouped into two cate-
gories (DI > 0 and DI < 0). Furthermore, based on the different trends of
EVI;,ox and NTL, each category was divided into eight logic possibilities
(Table 1).

2.6. The threshold detection

The potential threshold was quantitatively detected using piecewise
linear regression (Yuan et al., 2019).

Pix+ p, + € x<a

y:{ﬂ1x+ﬂ2(x_a)+ﬁ()+fx>a (3)

where x is the multi-year average NTL over 2002-2020; y is the pro-
portion of areas, a is the estimated threshold of average NTL; f3,, 5, and
P, are the regression coefficients, and ¢ is the residual. This piecewise
fitting is obtained optimally when the residual sum of squares is mini-
mized (Peng et al., 2017; Hou et al., 2021). All statistical analyses were
performed in R version 4.1.2 (R Core Team, 2021). In addition, the
Monte Carlo permutation methods (Permutations = 499) were used to
test the statistical significance.

3. Results and discussion
3.1. Spatiotemporal characteristics of the urban expansion

Based on the MODIS yearly product, the total urban area in China
increased from 140288.68 km? to 173762.75 km? with the mean annual
expansion of 1710.96 km? year ! (p < 0.01) (Fig. 2a). At regional level,
all urban areas in four regions both showed a significant increasing trend
(p < 0.01) over this period. In particular, the urban expansion rate was

Table 1
Different relationships between EVI,;;q, and NTL.

Pattern  Status DI Trend of NTL Trend of EVI,;qx
I Strong coordination >0  Significant Significant
increasing increasing
I Weak coordination >0  Significant Nonsignificant
increasing increasing
111 Weak coordination >0  Nonsignificant Significant
increasing increasing
v Weak coordination >0  Nonsignificant Nonsignificant
increasing increasing
A Strong <0  Significant Significant
incoordination increasing decreasing
VI Weak <0  Significant Nonsignificant
incoordination increasing decreasing
VII Weak <0  Nonsignificant Significant
incoordination increasing decreasing
VIII Weak <0  Nonsignificant Nonsignificant
incoordination increasing decreasing
X Strong negative <0  Significant Significant
incoordination decreasing increasing
X Weak negative <0  Significant Nonsignificant
incoordination decreasing increasing
XI Weak negative <0  Nonsignificant Significant
incoordination decreasing increasing
X1 Weak negative <0  NonSignificant Nonsignificant
incoordination decreasing increasing
X111 Strong negative >0  Significant Significant
coordination decreasing decreasing
XIvV Weak negative >0  Significant NonSignificant
coordination decreasing decreasing
XV Weak negative >0  Nonsignificant Significant
coordination decreasing decreasing
XVI Weak negative >0  Nonsignificant NonSignificant
coordination decreasing decreasing

DI represents the decoupling index. The significant and nonsignificant trend
indicate significance levels of p < 0.05 and p > 0.05, respectively.
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Fig. 2. Interannual variability of the all urban area (a) and annual newly urbanized areas (i.e., pixels that became urban in the current year, b) during the period of
2002-2020. The slope is the average rate of change derived from linear regression derived from linear regression (colored solid line) and the shaded area represents
95% confidence interval. The insets show slopes of all urban areas or annual newly urbanized areas at the regional scale. NoSig indicates the trend is nonsignificant
(p > 0.05). Symbol ** indicates the trend is significant at levels of p < 0.01, and symbol * indicates the trend is significant at levels of p < 0.05.

significantly higher in the eastern region than in ohter regions, with the
mean annual growth area of 1012.95 km? year™!. Almost 59% of the
urban expansion took place in the eastern region between 2002 and
2020. While the urban areas in the central, western and northeastern
region expanded by an average of 335.14 km? year !, 256.41 km?
year ™!, and 106.46 km? year !, respectively.

Notably, the annual newly urbanized areas (i.e., the pixels changed
to urban areas in the current year) in China showed nonsignificant trend
(p > 0.1), while the interannual variability of annual newly urbanized
areas in different regions showed obviously spatial heterogeneity and
aggregation effect (Fig. 2b and Fig. 3), with a decreasing trend of
—12.91 km? year™! in the eastern region and a significantly increasing
trend of 16.11 km? year™! (p < 0.01) in the central region and 3.24 km?

year‘1 (p < 0.05) in the northeastern region (Fig. 3b). Furthermore, the
trends of the annual newly urbanized areas in different aggregations
showed obviously spatial heterogeneity (Fig. 3). From 2002 to 2020, the
annual newly urbanized areas in BTH showed significant increasing
trends (Slope = 10.83 km? year™ 1), yet the significantly decreased trend
was found in YRD and PRD, with a decreasing trend of —13.34 km?
year ! (p < 0.01) and —20.66 km? year ! (p < 0.05). Similarly, the
annual newly urbanized areas in CYA showed a decreasing trend during
this period.

3.2. Spatiotemporal trend of the nighttime light in urban areas

Urban expansion is driven by urban economic growth. During the
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entire study period, the average NTL in China significantly increased by
0.48 DN year_1 (p < 0.01) (Table 2). Notably, the trend of the average
NTL in the newly urbanized areas was 0.76 DN year ! (p < 0.01), which
was higher than the trend in central urban areas (0.46 DN year’l).
Similarly, this increasing pattern was found in all regions. Especially, the
average NTL in newly urbanized areas in western region increased by
1.37 DN year ! (p < 0.01) during this period. The smaller initial value
resulted in greater increasing trend. In contrast, the trend of average
NTL in urban areas in the northeastern region was smaller than in other
regions. In this region, the percentage of areas with decreasing NTL
trend in this region was 17.39 % higher than other regions.

Spatially, the average NTL in most cities showed increased trend over
the period 2002-2020 (Supplementary Fig. 1). Overall, 288 cities out of
344 (83.72%) showed a significant increasing trend. In contrast, only
3.20% of cities showed significant decreasing trend, which were
sparsely located in central and northeastern regions. Generally, the
trend of the mean NTL in each city ranged from O to 1 DN year™!. The
cities with higher trend were mainly located in the southwestern China.
This is because these areas have a relatively low economic level in
comparison with other areas of China (Yong et al., 2022). With the co-
ordinated regional development policy, the rapid economic growth and
rising urbanization quality in this region promoted a rapid growth of the
NTL (Yang et al., 2021a).

3.3. Spatiotemporal trend of urban greenness

With the continuous and rapid urban expansion in China, the average
EVIax in China significantly decreased by —0.0009 per year (p < 0.01)
(Fig. 4a). This decreasing trend is more obvious in the newly urbanized
areas, with the average EVI,,, decreased from 0.42 to 0.36 during the
period of 2002-2020. The mean trend of average EVIyqy in the newly
urbanized areas was —0.0037 year !(p < 0.01) higher than the trend of
central urban areas. At regional levels, the average EVI,,4 in the newly
urbanized areas in different regions all showed significantly decreasing
trends (p < 0.01) over this period (Fig. 4b), with the slope of —0.0024,
—0.0048, —0.0083 and —0.002 year™'. With this significant decreasing
trend, the average EVI,,. in all urban areas in eastern, central, and
western regions decreased significantly (p < 0.01). In contrast, the
average EVI,y in the northeastern region increased significantly (p <
0.01), despite a decreasing trend in newly urbanized areas in this region.

Spatially, most cities showed a decrease trend in average EVIqy, and
143 cities out of 344 (41.56%) significantly decreased (p < 0.05)
(Supplementary Fig. 2). In contrast, only 16.28% of cities showing a
significant increasing trend, which were mainly located in the north-
eastern and western regions. Noteworthy, we found an obviously spatial
aggregation effect in different mega-urban agglomerations. Specifically,
15.46% of pixels with significant increasing trend (p < 0.05) in YRD are
usually located in the urban cores. While more pixels (41.28%) in the
surrounding of central urban areas showed significantly decreasing
trends (Supplementary Fig. 2¢). Together with the significant decreasing
trends in the annual newly urbanized areas, the average EVI;q, in YRD
deceased by —0.0019 per year (p < 0.01). Similar spatial patterns were
also found in BTH and CYA, with the significantly decreasing trends of

Table 2
Interannual variability of the average NTL in China different regions during the
period of 2002-2020.

Central urban Newly urbanized All urban areas

areas (DN year’l) areas (DN year’l) (DN year’l)
Eastern Region 0.42 0.63 0.42
Central Region 0.49 1.00 0.52
Western Region 0.62 1.37 0.68
NorthEastern 0.43 0.79 0.46
Region
China 0.46 0.76 0.48

The trends of the NTL are all significant (p < 0.01).
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—0.0014 year }(p < 0.01) and —0.0023 year '(p < 0.01) respectively.
In contrast, 36.36% of areas in the central urban region in the PRD
showed significant increasing trends, while only 9.97% of pixels
decreased significantly. Meanwhile, 23.47% of areas in the newly ur-
banized region in the PRD also showed significantly increasing trends.
Thus, the arerage EVIp,y in PRD increased by 0.0021 per year (p < 0.01).

3.4. Incoordination relationship between NTL and EVIyqy

Although the average NTL significantly increased in most cities, the
average EVI,q, significantly decreased in these cities. At the national
level, China’s decoupling index was less than zero and the relationship
of NTL and EVI,, was pattern V, indicating a strong incoordination
status between urban greenness and economic growth. This strong
incoordination status was also found in different regions and agglom-
erations. Spatially, we found that 64.51% of cities showed a incoordi-
nation status, that is, the city had increasing NTL but decreasing EVIygy
or had decreasing NTL but increasing EVI,q (Fig. 5). Notably, 131 cities
out of 344 (38.08%) showed significant increasing NTL (p < 0.05) but
significant decreasing EVIlq, (p < 0.05) (Pattern V), which are mostly
located in the eastern, central and western regions. In contrast, 32.55%
of cities showed increasing EVIyq, with the NTL increased during
2002-2020 (DI > 0), which mainly located in the northeastern region
and PRD agglomeration.

At pixels levels, only 11.61% of urban areas showed signicantly
increasing EVIyq, and signicantly increasing NTL (Pattern I), while
30.22% of areas showed a strong incoordination status (Pattern V).
Similarly, there was a high proportion of areas with the strong incoor-
dination status in the agglomerations of BTH, YRD, and CYA (Fig. 5b-d).
In contrast, 63.27% of areas in PRD agglomeration showed a coordi-
nation status, and 21.99% of areas showed a strong coordination status
(Pattern I).

Moreover, we found that the multi-year average NTL strongly
explained the incoordination status between urban greenness and eco-
nomic growth (Fig. 6). Specifically, in the interval where the multi-year
average NTL value is<50, the percetnage of areas with the strong
incoordination status (Pattern V)significantly increased by the 1.07%
DN ! (p < 0.01), but decreased strongly afterward, with the slope of
—2.97% DN! (p < 0.01). Based on the annual maximum normalized
difference vegetation index (NDVI,,4,), this significant threshold effect
was also found (Supplementary Fig. 3). Similarly, there is a significant
effect in different regions(Fig. 6b, c, d, e). Notably, this threshold of
multi-year average NTL value was comparatively larger (TP = 55) in
northeastern region (Fig. 6e), which indicated that the urban greenness
and economic growth only achieve positive synergies in more developed
urban areas.

4. Discussions
4.1. Dramatic uneven urbanization in China

Overall, China had undergone continuous and rapid urban expansion
during the 2002-2020, with a mean annual expansion of 1710.96 km?
year’1 (p < 0.01) (Fig. 2a). Similarly, this continuous and rapid urban
expansion in China was also found by many studies (Liu et al., 2018; Liu
et al., 2020). Due to the reform of the urban household registration
system and the promotion of compensation rules for land use rights, etc.,
a considerable number of rural residents swarmed into cities (Chen
et al., 2016; Liu et al., 2016; Sun et al., 2020; Liu and Lo, 2022). This
rapid urban population growth played a major role in the continuous
and rapid urbanization during the period. At regional level, the urban
expansion rate of the eastern region was obvious higher than ohter re-
gions. It may be attributed to the differences in socioeconomic and po-
litical conditions between different regions (Lu et al., 2019; Liu and Lo,
2022). Specifically, as the most developed region of China, eastern re-
gion with urban areas comprised of 51.69% of the total urban area in
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China in 2020 has a higher population growth and the pursuit of eco-
nomic and was much bettern developed (Ning et al., 2022). Notably,
more quota of newly urbanized areas was transferring from eastern re-
gion to the central and northeastern region, despite of the highest
increasing trend in eastern region. That is, although the urban area in
different regions all increased continuously, the urban expansion in the
eastern region was slowing, while the expansion rates in the central,
western, and northeastern region were growing (Fig. 2b). In particular,
this decreasing trend was more obvious in YRD and PRD agglomerations
in the eastern region. This transfer of newly urbanized areas was mainly
attributed to the considerable efforts and coordinated regional devel-
opment policies, for example, the Western Development Program, the
Revitalize Northeast China Program and the Rise of Central China Plan
(Jia et al., 2020). In contrast, the land quotas for urban development
were mainly limited by central government in these aggregations (Liu
et al., 2014; Fang and Tian, 2020).

4.2. Tough challenge for achieving positive synergies between urban
greenness and economic growth

Economic growth was regarded as a major driver for the improve-
ment of urban vegetation (He et al., 2020; Qiao and Huang, 2022). Based
on a harmonized nighttime light dataset, the average NTL in China
significantly increased during this rapid and dramatic urbanization
period. Spatially, the average NTL in most cities (83.72%) showed sig-
nifiant increasing trend. This is because the rapid demographic changes
and economic activities resulted in the urban night sky has become
brighter and brighter in recent decades (Shi et al., 2016b; Liu et al.,
2022). However, the average EVI,,, in most cities decreased signifi-
cantly. At the national level, urban greenness and economic growth
showed a strong incoordination status, which indicates the tough chal-
lenge for achieving positive synergies. Spatially, 64.51% of cities
showed a incoordination status, and 131 cities out of 344 (38.08%)
showed significant increasing NTL (p < 0.05) but significant decreasing
EVIhe (p < 0.05) (Strong incoordination status, V), which are mostly
located in the eastern, central and western regions. Generally, sustain-
able economic development did not further improve urban greenness at
the national and city scale.

In contrast, some cities with coordination status were only found in
northeastern region and PRD agglomeration. However, the percentage
of cities with stong corrdination status (Pattern I) was only 11.73%. In
the northeastern region, this coordination status was likely caused by
the climate in urban areas. Because of the vegetation growth was more
sensitive to the urban heat in this in cold areas (Li et al., 2019; Wohlfahrt
et al.,, 2019; Wang et al., 2022). The global warming was enhancing
vegetation growth (Zhu et al., 2016; Piao et al., 2020), while some se-
vere urban shrinkage occurred in this region (Yang and Pan, 2020; Yang
et al.,, 2021b). In contrast, in this leading region in China in terms of

economic development and ecological protection, this coordination
status mainly caused by the stringent and effective measures to build the
urban green development zone in the PRD region(Wang et al., 2018; Hu
and Xia, 2019; Liang et al., 2021), which demonstrated the considerable
efforts for achieving positive synergies.

4.3. Thresholds of incoordination status

At pixels levels, 11.61% of urban areas showed signicant increasing
EVI a0y and signicant increasing NTL (Pattern I), which are mainly found
in urban cores. This greening result was also found in many previous
studies (Wang et al., 2019; Li et al., 2020a; Qiu et al., 2020; Sun et al.,
2020; Chen et al., 2022b). Generally, this positive synergies was
attributed by the many resources invested in the construction of infra-
structure with the rapid economic growth (Lu et al., 2019; Jia et al.,
2020). In these urban cores, with the rapid economic growth, govern-
ment played more attention and management to improve ecological
environment, any newly added street vegetation and green spaces will
improve the urban greenness (Li et al., 2018; Li et al., 2020a; Sun et al.,
2020; Wang et al., 2022). In contrast, 30.22% of areas showed a strong
incoordination status (Pattern V), which are mainly located in the urban
surrouding areas. This strong incoordination status was mainly caused
by a high demand of land and energy accompanied by rapid economic
growth(Jin et al., 2008; Li et al., 2020a; Liu et al., 2020).

Generally, the rapid economic growth resulted in the greening and
browning of vegetation in the different urban areas. According to this
spatial differentiation pattern of, a threshold effect may be present to
explain whether economic growth and urban greenness can achieve
positive synergies. That is, this threshold demonstrates when the strong
incoordination status will be mitigated significantly. Actually, the multi-
year average NTL strongly explained this spatial differentiation of the
strong incoordination status. In the areas with the multi-year average
NTL value<50, this strong incoordination status was significantly
increased, but decreased strongly afterwards with economic growth. In
these regions with a high multi-year average NTL value, that is, high
economic environment, economic growth encouraged the demand for
high quality living environments, particularly an increase urban green
space (Richards et al., 2017; He et al., 2020; Li et al., 2020a). While the
ecosystem degradation caused by economic growth is still a significant
depletion of sustainable urban development before the economic con-
ditions reach this threshold.

4.4. Uncertainties and further studies

Based on the MODIS land cover type product, urban areas were
extracted in our study. However, the urban features may be distorted
when using this coarsening products (Li et al., 2022). Hence, the
different spatio-temporal relationships between the vegetation dynamic
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Fig. 5. The spatial distribution of the different relationships of the average EVI,,, and NTL in all urban areas in China (a) and four agglomerations (b, Beijing-
Tianjin-Hebei region. ¢, Yangtze River Delta. d, Pearl River Delta. e, Cheng-Yu Urban agglomeration). The top inset in (a) indicates the different relationships. DI
indicates the decoupling index. Bottom inset in (a) shows the percentage of cities of corresponding relationship indicated by the top inset in (a). Insets in (b, c, d, and
e) show the percentage of urban areas of corresponding relationship indicated by the top inset in (a).

and economic growth needs to be further explored based on the higher
quality land use data with higher spatial resolution. In addition, there is
considerable uncertainty regarding the NTL (Wang et al., 2021; Zheng
et al., 2022). Although, we used an integrated and consistent NTL
dataset to characterize the urban economic growth, it is impossible to
eliminate all noise caused by varying lighting sources (Li et al., 2020b).
As aresult, it is necessary to further mitigate these uncertainties by using
more models and more indicators like housing prices, road connectivity,

land use diversity, and POI density, etc. to explore the different re-
lationships of urban greenness and economic growth.

5. Conclusions
In this study, we identified the characteristics of urbanization for

each city in different regions and four typical mega-urban agglomera-
tions in China in terms of remote sensing land cover type product, and
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Fig. 6. The relationship between the proportion of areas with a strong incoordination status (Pattern V) and the long-term average NTL in China (a) and Eastern (b),
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analysed the spatiotemporal characteristics of the EVI,;q, and NTL.
Based on their different trends, the different relationships between
vegetation dynamic and economic growth were explored during the
rapid urbanization period. Generally, China had undergone continuous
and rapid urban expansion during the 2002-2020. Notably, more quota
of newly urbanized areas was transferring from eastern region to the
central and northeastern region. In particular, this significant decreasing
trend in annual newly urbanized areas was obvious in the YRD and PRD
because of the limit of annual land quotas under the context of coordi-
nated regional development policies. As an original conceive for urban
sustainability, economic development will improve urban greening
Unfortunately, we found that the mean NTL in most cities increased
significantly, while the mean EVI,,, showed a significant decreasing
trend during the continuous and rapid urban expansion period.
Spatially, >60% of cities showed a incoordination status. At pixels
levels, only 11.61% of urban areas showed signicantly increasing EVIyax
and signicantly increasing NTL, while 30.22% of areas showed a strong
incoordination status. Overall, these spatial heterogeneities of incoor-
dination status in China showed a significant threshold effect. Urban
greening and economic growth are coordinated by their different spatial

distribution characteristics and relationships. Our study identified a
quantitative threshold to explain these different spatial distribution
characteristics and relationships, which will be a critical indicator for
decision-makers in analysing the different levels of ecological civiliza-
tion construction in different regions.
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