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Assessment of spatiotemporal 
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The Ecological Environment Quality (EEQ) is an important foundation for the 

sustainable development of society and economy. To assess the spatiotemporal 

changes of the EEQ in the Yangtze River Delta Urban Agglomeration (YRDUA), 

we selected MODIS images of 2001, 2006, 2011, 2016 and 2021 to construct 

the Modified Remote Sensing Ecological Index (MRSEI) based on Google Earth 

Engine (GEE) platform and Principal Component Analysis (PCA). Then, we 

evaluated the spatiotemporal changes and spatial autocorrelation of the EEQ 

in the YRDUA. The results showed that: the EEQ of the YRDUA was improved 

from 2001 to 2011, deteriorated from 2011 to 2016, and improved from 2016 

to 2021. The overall EEQ of the YRDUA was at moderate or excellent level, and 

the EEQ in the south was better than that in the north. The EEQ of the southern 

cities in the study area was better and more stable, while that of the northern 

cities was relatively poor and changes relatively drastic. The EEQ of the YRDUA 

was mainly unchanged and improved from 2001 to 2021. The regions with 

improved EEQ were mainly distributed in the north and west, while those with 

deteriorated EEQ were mainly distributed in the east and south. The EEQ of 

the YRDUA was improved gradually from 2001 to 2006, and relatively stable 

from 2006 to 2011. From 2011 to 2016, the changes were drastic and the EEQ 

deteriorated greatly; while from 2016 to 2021, the EEQ of the YRDUA was 

improved, and the area of ecological deterioration was significantly reduced. 

From 2001 to 2021, the Globalmoran’s I value ranged from 0.838 ~ 0.918. In the 

past 20 years, NS area in the YRDUA accounted for the highest proportion, while 

the HH aggregation was mainly distributed in the southern part of the YRDUA, 

while LL aggregation was mainly distributed in the northern part, indicated that 

the EEQ in the southern part was better than that in the northern part. This study 

provides a promising approach to assess the spatiotemporal changes of EEQ in 

urban areas, which is crucial to formulate the ecosystem protection policies and 

sustainable development strategies of YRDUA.
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Introduction

Ecological Environment Quality (EEQ) is the evaluation of 
comprehensive characteristics of ecosystem elements, structure and 
function, it can reflect the strengths and weaknesses of regional 
ecological environment. At present, urban agglomerations have 
become the core engine of rapid social and economic development 
in China. In the process of urbanization, how to coordinate urban 
expansion with environmental protection has become an important 
strategic issue (Yao et al., 2019). On the one hand, high-intensity 
urbanization will inevitably interfere with or even destroy the 
regional ecological environment; on the other hand, ecological 
degradation can in turn constrain urbanization and sustainable 
development (Wang et al., 2014). The Yangtze River Delta Urban 
Agglomeration (YRDUA) has been the most active and open region 
in China. Under the background of the integrated development of 
the YRDUA, the regional ecological environment is facing more 
and more severe pressure. Therefore, in order to improve the EEQ 
of the YRDUA and realize the coordinated development of 
economy and environment, it is increasingly important to evaluate 
and analyze the EEQ of the YRDUA.

With the development of remote sensing technology, regional 
scale comprehensive eco-environmental assessment of multiple 
environmental factors based on multi-source remote sensing image 
data provides efficient monitoring and analysis means for EEQ 
research (Xu et al., 2019; Wu et al., 2022). Xu (2013) proposed to 
acquire four evaluation indexes, NDVI, WET, LST and NDBSI, 
based on remote sensing images, and combined with Principal 
Component Analysis (PCA) to construct Remote Sensing 
Ecological Index (RSEI) to quantitatively evaluate the regional 
ecological environment status. RSEI can not only realize the 
objective quantitative evaluation of the regional ecological 
environment, but also carry out the spatiotemporal analysis and 
visual display of the evolution of the ecological environment. It has 
been widely used in the regional EEQ evaluation (Shan et al., 2019; 
Hang et  al., 2020; Liao and Jiang, 2020). The RSEI-based EEQ 
assessment method mainly focuses on near-surface factors such as 
vegetation, humidity, heat and dryness. However, the environmental 
conditions in different regions are different, so the applicability and 
accuracy of RSEI have certain defects (Xu et al., 2021; Geng et al., 
2022). Ecosystem is a complex and diverse system, especially in 
large urban agglomerations with high level of industrialization and 
urbanization, there are many factors influencing the internal EEQ, 
among which air quality has a significant impact on the EEQ of 
urban agglomerations. Liu et al. (2022) constructed the Modified 
Remote Sensing Ecological Index (MRSEI) based on greenness, 
humidity, dryness, heat, and air quality indicators combined with 
PCA to evaluate the EEQ of Beijing. The results showed that MRSEI 
was more suitable for the evaluation of urban ecological quality, 
and believed that air quality indicators were very important for the 
monitoring and evaluation of urban ecological environment.

In recent years, the air quality problem in China has become 
more and more serious, especially in the Yangtze River Delta, 
Pearl River Delta and Beijing-Tianjin-Hebei region with better 

economic development (Zhang and Gong, 2018). High 
concentration of PM2.5 (Particulate matter with aerodynamic 
diameter ≤ 2.5 μm) is the main cause of air pollution in the 
Yangtze River Delta region (Zhou et al., 2019; Huang et al., 2020). 
Aerosol Optical Depth (AOD) is an important index to evaluate 
the degree of air pollution, and can be used to study the spatial 
distribution of determine the PM2.5 concentration in different 
regions and around the world (Van Donkelaar et al., 2015; Peng 
et al., 2016; Elahi et al., 2022a). At present, AOD products based 
on moderate Resolution Imaging Spectroradiometer (MODIS) 
have been verified globally, and can well invert the spatial and 
temporal distribution and concentration change of PM2.5 (Emili 
et al., 2010; Lin et al., 2015). Google Earth Engine (GEE) is a 
platform which can realize online analysis and visualization of 
geographic information big data, its appearance greatly improves 
the processing efficiency of remote sensing images, and has 
shown obvious advantages in the application research of remote 
sensing in a large range of long time series (Gorelick et al., 2017; 
Parastatidis et  al., 2017). Compared with traditional remote 
sensing image processing software, this platform can realize 
large-scale and long-term geographic data processing and 
analysis more quickly and effectively (Kumar and Mutanga, 2018).

Therefore, based on the GEE platform, this paper used the PCA 
to couple the greenness, humidity, heat, dryness and air quality, so 
as to construct the MRSEI to evaluate and analyze the EEQ of the 
YRDUA, the research process of this paper is shown in Figure 1, 
see Table 1 for acronyms. It aims to provide scientific decision-
making basis for improving EEQ, realizing green and sustainable 
development, and making formulating reasonable measures of 
ecological environment protection and construction in Yangtze 
River Delta region.

Materials and methods

Study area

The Yangtze River Delta is located in the lower reaches of the 
Yangtze River, adjacent to the Yellow Sea and the East China Sea 
in the East. The Yangtze River Delta belongs to the subtropical 
monsoon climate, with an average annual precipitation of 
804 ~ 2057 mm and an average annual temperature of 9.3 ~ 17.3 ° 
C, the terrain of this area is mainly plain, and the overall terrain 
is flat (Wang et al., 2021).The YRDUA is one of the six largest 
urban agglomerations in the world, with a huge economic 
aggregate and great development potential, but rapid urbanization 
has brought great pressure on the quality of ecological 
environment (Hou et al., 2021).The YRDUA spans four provinces 
and cities: Shanghai, Jiangsu, Zhejiang, and Anhui. Specifically, 
there are 26 cities (Figure 2). The total area is about 21,700 km2, 
accounting for about 2.3% of the national area. The YRDUA is one 
of the regions with the most active economic development, the 
highest urbanization, and the largest population absorption in 
China (Zhou et al., 2018; Wang et al., 2021).
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Data sources and processing

The MRSEI constructed in this study consists of five 
ecological indexes, namely greenness, wetness, heat, dryness, and 
air quality. MODIS data has been widely used in research on 
ecological environment due to moderate resolution, high image 
quality, and short monitoring period. Due to the large area and 
cloud cover of remote sensing images in the study area, MODIS 
data products from 2001 to 2021 were used to calculate all 
indicators of MRSEI. Specific data are shown in Table 2.

Based on the GEE platform, this study screened the high-
quality images with few clouds from May to October on 2001–
2021 online through JavaScript API. Then the remote sensing 
image is preprocessed, conducted cloud removal and water mask, 
and each type of remote sensing data was multiplied by the 
corresponding conversion coefficient. In addition, all types of 
MODIS data products were unified resampling to 500 m × 500 m.

Methods

Indicators of the MRSEI

The MRSEI combines five indicators (Greenness, Wetness, 
Heat, Dryness, and Air quality), and its expression is as follows:

 
MRSEI f NDVI Wet LST NDBSI AOD= ( ), , , ,

 
(1)

In the above equation, NDVI, WET, LST, NDBSI, and AOD 
represent Greenness, Wetness, Dryness, Heat, and Air quality, 
respectively.

Greenness
Greenness represents the cover and growth of surface 

vegetation, and it is an important indicator to measure the regional 
EEQ. Normalized Vegetation Index (NDVI) can detect the state 

FIGURE 1

Workflow.

TABLE 1 List of acronyms.

Abbreviation Full name

EEQ Ecological Environment Quality

YRDUA Yangtze River Delta Urban Agglomeration

GEE Google Earth Engine

ACC Average Correlation Coefficient

NDVI Normalized difference vegetation index

WET Wetness

LST Land Surface Temperature

NDBSI Normalized Differential Building-Soil Index

AOD Aerosol Optical Depth

PCA Principal Component Analysis

MRSEI Modified Remote Sensing Ecological Index
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and coverage of surface vegetation (Goward et  al., 2002). 
Therefore, NDVI in growing season is used to represent greenness 
in this work, which can be calculated with below equation:

 
NDVI = −

+
ρ ρ
ρ ρ

2 1

2 1  
(2)

Wetness
Ecological factors such as brightness, humidity and greenness 

can be acquired from tasseled cap transformation (Behling et al., 
2015). Wetness (WET) is an important index to reflect the 
humidity status of vegetation, soil and water (An et al., 2022). In 
this paper, WET is acquired from tasseled cap transformation 
based on MOD09A1, and the calculation equation is as follows:

 

Wet = + + +
− −
0 1147 0 2489 0 2408 0 3132

0 3112 0 6416
1 2 3 4

5 6

. . . .
. .

ρ ρ ρ ρ
ρ ρ −− 0 5087 7. ρ  (3)

Heat
The Land Surface Temperature (LST) was used to 

represent the heat index. The LST was obtained from the daily 
land surface temperature (DLST) of MOD11A2 dataset, and 

the gray value was converted to Celsius temperature. The 
conversion formula is:

 LST b= −0 02 273 151. .  (4)

Dryness
In this study, the index-based built-up index (IBI; Xu, 2008) 

and the Soil Index (SI; Rikimaru et  al., 2002) were used to 
represent the dryness index. The dryness index can be expressed 
by the average value of SI and IBI, which is called “NDBSI” (Hu 
and Xu, 2018). The calculation formula is:

 
NDBSI SI IBI

=
+
2  

(5)
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(7)

FIGURE 2

The location of the Yangtze River Delta Urban Agglomeration.
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Air quality
Air quality is an important component of ecological 

environment. Relevant research shows that AOD can accurately 
reflect the air quality in a certain area (Alfoldy et  al., 2007; 
Paciorek et al., 2008). In this study, MCD19A2 aerosol product 
was used to represent the air quality. MCD19A2 is inverted by the 
Multi-Angle Implementation of Atmospheric Correction 
(MAIAC) algorithm, which significantly improves the data 
coverages of dense vegetation area and bright surface, and the 
inversion accuracy is improved by storing surface spectrum and 
thermal characteristics through fixed grid (Ding et  al., 2020). 
Based on the AOD data acquired from AErosol RObotic NETwork 
(AERONET), it is found that MAIAC Algorithm is more accurate 
than the Dark Target (DT) and Deep Blue Algorithm (DB) 
algorithms in mainland China (Liu et al., 2019; Zhang et al., 2019).

Where, ρ1-7 represents the surface reflectivity of the 1–7 band 
of the Terra MODIS products, b1 indicates the LST band data in 
the MOD11A2 product.

Calculation of MRSEI

Since the data dimensions were not unified, the value range of 
the remote sensing ecological index component constructed by 
the above formula equation was different. Therefore, each index is 
normalized to transform it to 0–1. The specific equation is 
as follows:

 
NI I I

I I
=

−
−
min

max min  
(8)

Where, NI represents the normalization result of each index; 
I represents the value of original ecological index; Imin and Imax 
represent the minimum value and maximum value of the original 
ecological index in the calculation year, respectively.

It is necessary to assign different weights to each index to 
construct a single ecological environment index to analyze the 
EEQ. PCA is a conversion method that removes redundant 
information between different bands and compresses multi-band 
image information into several mutually independent bands. PCA 
can automatically and objectively determine the corresponding 
weight according to the contribution rates of different factors to 
the principal component. The formula is showed as:

 
MRSEI PCA f NDVI Wet LST NDBSI AOD0 1= ( ) , , , ,

 
(9)

Where the PCA1 is the first principal component result of 
five normalized indexes obtained by PCA, and its positive and 
negative values are transposed, and MRSEI0 is the 
transposed result.

The PCA1 can better reflect the regional EEQ and shows clear 
ecological significance, it is not need to pay special attention to the 
proportion of PCA1 in RSEI application if it can correctly represent 
the ecological information (Xu and Deng, 2022). PCA was 
performed on the normalized 5 indexes, and MRESI was 
constructed by PCA1 and normalized so that its value range is 
[0,1]. The higher the MRSEI value, the better the EEQ. The 
expression is as follows:

MRSEI MRSEI MRSEI MRSEI MRSEI= −( ) −( )− − −0 0 0 0min max min/  (10)

Where the maximum and minimum values of MRSEI0 are 
expressed by of RSEI0-max and RSEI0-minrespectively.

Average correlation coefficient

The ACC was employed to verify the accuracy of 
comprehensive expression of EEQ in the study area based on 
the MRSEI, so as to test the applicability of MRSEI. If the 
average correlation coefficient between MRSEI and each 
index was greater than that between each index, it indicated 
that MRSEI can describe the EEQ of the study area  
more completely and accurately than other indexes. The 
calculation equation of the average correlation coefficient is 
as follows:

 
C

C C C
np

q r s
=

+ + +

−



1  
(11)

In the equation, Cp  is the average correlation degree; p, 
q, r, and s represent the indexes for correlation analysis; n 
represents the number of indexes for correlation analysis; and 
Cp, Cq, Cr, and Cs is the correlation coefficient among 
each index.

TABLE 2 Data source.

Dataset Resolution Time 
resolution

Data description

MOD09A1 500 m 8 Day MOD09A1 is the surface reflectance data of 1–7 bands of Terra MODIS sensor

MOD11A2 1,000 m 8 Day MOD11A2 is synthesized by daily MOD11A1, and the daytime surface temperature is used in this paper

MOD13A1 500 m 16 Day MOD13A1 data uses the optimal pixels within 16 days of 500 m resolution, and then calculates the vegetation index of each 

pixel position

MCD19A2 1,000 m 1 Day MCD19A2 adopts MAIAC algorithm, which can provide accurate and stable aerosol retrieval data
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Spatial autocorrelation analysis

Spatial autocorrelation analysis can reflect whether the 
distribution of spatial variables is related to neighboring variables, 
and it can be classified into the global spatial autocorrelation and 
the local spatial autocorrelation (Jing et  al., 2020). The global 
spatial autocorrelation studies the spatial distribution 
characteristics of variables in the whole region, which is expressed 
by global Moran’s I index and calculated by the following equation:

 

( )( )
1 1

2

1 1

n n

ij i j
i j

n n

ij
i j

w x x x x

I

S w

= =

= =

− −

=
∑∑

∑∑
 

(12)

 
( )22

1

1 n

i
i

S x x
n =

= −∑
 

(13)

In the equation, I  is the Global Moran’s I  index with the 
threshold of [−1, 1]. I < 0 means negative correlation, I = 0 means 
no correlation, and I > 0 means positive correlation (Wan et al., 
2011); wij is the spatial weight, xi and xj represent the EEQ value of 
position i  and j, respectively. S2 is the sum of the squares of 
deviations of the variable x.

The local spatial autocorrelation can reflect the spatial 
aggregation degree between the EEQ of each grid unit in the study 
area (Anselin, 1995). It is expressed by Local Moran’s I  index 
(LISA), and the calculation formula is:

 

( ) ( )2
1

n
i

i ij j
j

x x
I w x x

S =

−
= −∑

 

(14)

Where, Ii is the Local Moran’s I index.
Global spatial autocorrelation and local spatial autocorrelation 

were analyzed based on GeoDa software. To ensure the integrity of 
data distribution and the accuracy of quantitative evaluation, a 
1 km × 1 km grid was adopted to resample the images according to the 
spatial pattern characteristics of the study area. Based on the 
resampling points obtained in each research year above, a spatial 
autocorrelation analysis was performed on the MRSEI of the YRDUA.

Results and analysis

Applicability of MRSEI

As shown in Table 3, the contribution rates of the characteristic 
values of PC1 are all over 56%, concentrating most of the 
information of the five indexes, indicating that MRSEI can better 
represent the local eco-environmental quality. In PC1, the 

contribution rates of NDVI and Wet are positive, the contribution 
rates of LST, NDBSI, and AOD are negative, which was consistent 
with the actual situation. To test the applicability of MRSEI, the 
correlation coefficients among MRSEI, NDVI, WET, LST, NDBSI 
and AOD in the same period were calculated (Table  4), and 
applicability of the model was tested through the Average 
correlation coefficient(ACC). In the five research years, the 

TABLE 3 Results of the first principal component analysis.

Indictors 2001 2006 2011 2016 2021 Average 
value

NDVI 0.83 0.94 0.97 0.93 0.94 0.92

Wet 0.30 0.02 0.01 0.03 0.01 0.07

LST −0.46 −0.32 −0.25 −0.17 −0.30 −0.30

NDBSI −0.01 −0.03 −0.01 −0.06 −0.06 −0.03

AOD −0.11 −0.09 −0.06 −0.31 −0.07 −0.13

Eigenvalue 0.03 0.02 0.02 0.03 0.02 0.02

Contribution 

rate (%)

56.21 60.94 62.02 69.36 64.57 62.62

TABLE 4 Correlation matrix of indexes.

Year Indictors NDVI WET LST NDBSI AOD MRSEI

2001 NDVI 1.00 0.28 −0.53 −0.64 −0.11 0.87

WET 0.28 1.00 −0.56 −0.75 −0.05 0.51

LST −0.53 −0.56 1.00 0.65 0.23 −0.74

NDBSI −0.64 −0.75 0.65 1.00 0.12 −0.75

AOD −0.11 −0.05 0.23 0.12 1.00 −0.20

ACC 0.39 0.41 0.49 0.54 0.13 0.61

2006 NDVI 1.00 −0.01 −0.52 −0.16 −0.15 0.89

WET −0.01 1.00 −0.31 −0.18 −0.11 0.06

LST −0.52 −0.31 1.00 0.13 0.11 −0.60

NDBSI −0.16 −0.18 0.13 1.00 0.06 −0.16

AOD −0.15 −0.11 0.11 0.06 1.00 −0.19

ACC 0.21 0.15 0.27 0.13 0.11 0.38

2011 NDVI 1.00 −0.01 −0.33 −0.52 −0.14 0.88

WET −0.01 1.00 −0.28 −0.61 0.22 0.03

LST −0.33 −0.28 1.00 0.35 −0.13 −0.42

NDBSI −0.59 −0.63 0.39 1.00 −0.08 −0.55

AOD −0.14 0.22 −0.13 −0.06 1.00 −0.12

ACC 0.27 0.29 0.28 0.39 0.14 0.40

2016 NDVI 1.00 0.14 −0.38 −0.66 −0.44 0.91

WET 0.14 1.00 −0.32 −0.65 −0.32 0.21

LST −0.38 −0.32 1.00 0.36 0.15 −0.42

NDBSI −0.66 −0.65 0.36 1.00 0.47 −0.66

AOD −0.44 −0.32 0.15 0.47 1.00 −0.55

ACC 0.41 0.36 0.30 0.54 0.35 0.55

2021 NDVI 1.00 −0.03 −0.55 −0.62 −0.12 0.86

WET −0.03 1.00 −0.27 −0.48 0.09 0.01

LST −0.55 −0.27 1.00 0.57 0.16 −0.60

NDBSI −0.62 −0.48 0.57 1.00 0.03 −0.56

AOD −0.12 0.09 0.16 0.03 1.00 −0.15

ACC 0.33 0.22 0.38 0.42 0.10 0.44
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averaged value of correlation of MRSEI was the largest, ranged 
from 0.3793 to 0.6134; in addition, its average correlation was also 
the largest (0.4765), which was higher than that of NDVI, WET, 
LST, NDBSI, and AOD by 32.74, 40.50, 27.43, 14.36, and 65.44%, 
respectively. This indicated that MRSEI has integrated most 
information of all indexes and was more representative than any 
single index, so it can better represent the EEQ of the study area 
completely and comprehensively.

Assessment on EEQ in the YRDUA

The distribution of MRSEI values in the YRDUA for 5 years 
from 2001 to 2021 is statistically presented in Figure 3. The 
statistical results showed that some MRSEI values are 
distributed in the Excellent level (0.8–1) in the five research 
years. MRSEI values are all greater than 0.4  in the lower 
quartile, and the MRSEI values are all greater than 0.6 in the 
upper quartile. In addition, the changes of EEQ the YRDUA 
showed a fluctuating trend of “rise → decline → rise “. The 
average value of MRSEI in the study area increased 
continuously from 0.59  in 2001 to 0.62  in 2011. It then 
decreased to 0.60 in 2016 and increased again in 2021, with 
MRSEI rose to 0.67, which was the highest among the five 
research years. The results showed that the overall EEQ of the 
YRDUA maintained at the moderate and excellent level, which 
was improved from 2001 to 2011, decreased from 2011 to 
2016, and then improved from 2016 to 2021, during which 
period the improvement is larger.

According to the distribution diagrams of MRSEI in 2001, 
2006, 2011, 2016, and 2021, the area and proportion of EEQ levels 
(Bad, poor, moderate, good, and excellent) in each year were 
calculated (Figure 4). Generally, the EEQ in the YRDUA showed 
an improvement trend from 2001 to 2011. During this period, the 
proportions of areas with good level increased from 43.77 to 
47.21%, while that of the areas with moderate level increased first 
and then decreased. The areas with excellent, poor, and bad level 
decreased first and then increased, and the ecological environment 
deteriorated from 2011 to 2016. The areas with moderate and poor 
level increased, while those with good level decreased significantly. 
The area ratio decreased from 47.21 to 32.36%, and the ecological 
environment improved significantly from 2016 to 2021. The areas 
with excellent and good level in 2021 increased significantly 
compared with that in 2016, and the proportions in these 2 years 
were the highest among the five research years, accounting for 
48.37 and 21.41% of the total area, respectively. It showed that the 
EEQ in most areas of the YRDUA were greatly improved in 2021.

The temporal and spatial distributions of MRSEI in the 
YRDUA in 2001, 2006, 2011, 2016, and 2021 were analyzed, and 
the average MRSEI was calculated (Figure 5). The MRSEI was 
divided into five levels: bad (0.0–0.2), poor (0.2–0.4), moderate 
(0.4–0.6), good (0.6–0.8), and excellent (0.8–1.0). The MRESI 
distribution of the YRDUA presents obvious spatial heterogeneity. 
Overall, the EEQ of the southern part of the YRDUA was better 
than that of the northern part. The regions with good and excellent 
EEQ were mostly distributed in the southern part with a high 
altitude, low human activity intensity, high forest coverage rate, 
and low urbanization. The regions with moderate and poor EEQ 

FIGURE 3

MRSEI Data Box diagram of study area from 2001 to 2021.
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were mainly concentrated in the northern part and the two sides 
of the Yangtze River, mostly in urban built-up areas, especially 
Hefei and Shanghai, these regions were featured with high human 
activity intensity, high urbanization, and low forest coverage rate. 

In addition, the EEQ of the northern part in the YRDUA has 
changed dramatically in the past 20 years, and the low MRSEI area 
gradually moved to the downstream with time. From 2001 to 
2011, there was a large area with improved EEQ, mainly in Hefei 

FIGURE 5

Spatial distribution of ecological environment quality levels in study area from 2001 to 2021.

FIGURE 4

Area distribution of ecological environment quality levels in study area From 2001 to 2021.
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and Chuzhou in the northwest of the study area. From 2011 to 
2016, the EEQ deteriorated in a large area, mainly in Yang Zhou, 
Taizhou, Yancheng and Nantong in the northeast of the study area. 
From 2016 to 2021, the EEQ of the study area improved in a large 
area. The low-value MRSEI area in the north decreased 
significantly and mainly distributed in the built-up areas of 
each town.

To determine the changes of EEQ in each region of the 
YRDUA, MRSEI average values of 26 prefecture-level cities in the 
study area were calculated, as shown in Figure  6. The results 
showed that there was no area with bad and excellent EEQ in the 
YRDUA in the five research years, and the EEQ of Chizhou, 
Xuancheng, Huzhou, Hangzhou, Shaoxing, Jinhua, Ningbo, and 
Taizhou was all in good level. The cities with relatively low EEQ 
were mainly distributed in the northern part of the study area and 
the two sides of the Yangtze River. In 2001, the EEQ of Hefei and 
Chuzhou was poor, while that of other cities was moderate. From 
2001 to 2006, the number of cities with moderate ecological 
environment has increased. In 2011, such distribution pattern 
continued, but the number of cities decreased. In 2016, the EEQ 
of several cities deteriorated. The EEQ of the cities in the north 
bank of the Yangtze River was moderate, and that in the north and 
south of the Yangtze River was significantly different. From 2016 
to 2021, the EEQ of the YRDUA area has improved, and the 
number of cities with good EEQ increased significantly. Cities 
with moderate EEQ were mainly located in the eastern part of the 
study area, which were around the Yangtze River estuary, included 
Taizhou, Nantong, Wuxi, Suzhou, and Shanghai. In general, the 

EEQ of the southern cities in the study area was mainly good and 
relatively stable, while that of the northern cities changed relatively 
sharply, but the overall EEQ has been improved.

Temporal and spatial variation 
characteristics of EEQ of the YRDUA

To further analyze the change of EEQ in the YRDUA from 
2001 to 2021, the difference of MRSEI index in each year was 
analyzed based on the five-level MRSEI index. The grade 
difference was positive, indicated that the EEQ of the study area 
was improved; otherwise, the grade difference value was negative, 
indicated that the EEQ of the study area was deteriorated. The 
degree change can be graded into “Obviously Improved (OI),” 
“Slightly Improved (SI),” “Not Changed (NC),” Slightly 
Deteriorated (SD),” and “Obviously Deteriorated (OD)” (Table 5). 
Overall, the ecological conditions of the YRDUA from 2001 to 
2021 were not changed or slightly improved, accounted for 43.21 
and 45.35% of the total study area, respectively. From 2001 to 
2006, the area with deteriorated EEQ in the study area was 
31,684.20 km2, accounted for 15.75%, it was mainly in the SD. The 
area with improved EEQ was 55,773.00 km2, accounted for 
27.72%, and it was mainly the SI. It indicated that the EEQ of the 
YRDUA has gradually improved from 2001 to 2006. From 2006 to 
2011, the area with deteriorated EEQ in the study area accounted 
for 13.91%, mainly in the SD; the area with improved EEQ 
accounted for 20.23%, and it was mainly the SI. The proportions 

FIGURE 6

Changes in ecological environment quality of cities in Yangtze River Delta Urban Agglomeration.
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of areas with deteriorated and improved EEQ decreased, indicated 
that the ecological environment change in the YRDUA was 
relatively stable from 2006 to 2011. From 2011 to 2016, the area 
with deteriorated EEQ accounted for 25.82%, mainly in the SD, 
while the area with improved EEQ accounted for 16.05%, mainly 
in the SI. The proportions of areas with deteriorated and improved 
EEQ increased significantly, indicated that the ecological 
environment change in the YRDUA from 2011 to 2016 was 
drastic. The area of SD increased greatly, and the ecological 
environment deteriorates greatly. From 2016 to 2021, the area of 
ecological quality degradation in the study area only accounted for 
6.72%, while the area of ecological improvement accounted for 
38.24%. The area with deteriorated EEQ decreased significantly, 
indicated that the ecological environment of the YRDUA 
improved significantly from 2016 to 2021.

From the spatial perspective (Figure  7), the regions with 
improved EEQ from 2001 to 2021 were mainly distributed in the 
north and west of the study area, mainly in Hefei, Chuzhou, 
Anqing, Chizhou, Ma’anshan, Nanjing, Yangzhou and Yancheng. 
The regions with deteriorated EEQ were mainly distributed in the 
east and south, concentrated in the core urban areas of Suzhou, 
Wuxi, Changzhou, Huzhou, and Hangzhou. From 2001 to 2006, 
the EEQ in the northern part of the YRDUA was improved, which 
was embodied in Hefei, Chuzhou, Ma’anshan, and Yancheng. The 
regions with deteriorated EEQ were mainly distributed in the 
southeast of the study area, concentrated in Shanghai, Suzhou, 
Wuxi, Hangzhou, Shaoxing, and Ningbo. From 2006 to 2011, the 
EEQ of most areas in the study area remained unchanged. The 

regions with improved EEQ were mainly distributed in Anqing 
and Chizhou, while those with deteriorated EEQ were mainly 
distributed in Suzhou and Huzhou. From 2011 to 2016, the 
regions with deteriorated EEQ in the northern part of the study 
area expanded greatly, mainly distributed in Yangzhou, Taizhou, 
and Yancheng. The EEQ in the southern part of the study area 
remained unchanged or improved. From 2016 to 2021, the EEQ 
of most areas in the study area remained unchanged or improved, 
while only the EEQ in Anqing, Jinhua and Taizhou deteriorated.

Spatial autocorrelation analysis of EEQ of 
the YRDUA

The Moran’s I and LISA map were obtained based on GeoDa 
software. Figure 8 shows the scatterplot of MRSEI’s Moran’s I. The 
values of Moran’s I in 2001, 2006, 2011, 2016, and 2021 are 0.918, 
0.874, 0.864, 0.902, and 0.838, respectively, showing a significant 
spatial aggregation. Rather than a random distribution, scatter is 
mainly distributed in the first and the third quadrant of the 
research years. It indicates that the EEQ in the study area has a 
strong positive spatial correlation, which was reflected by the fact 
that the regions with high EEQ were adjacent to each other or the 
areas with low EEQ were adjacent to each other. In addition, the 
Moran’s I shows a downward trend from 2001 to 2011, an upward 
trend from 2011 to 2016, and a downward trend from 2016 to 
2021, which is contrary to the change trend of EEQ in the 
study area.

FIGURE 7

Changes of ecological environment level in Yangtze River Delta Urban Agglomeration from 2001 to 2021.
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Local spatial autocorrelation analysis was performed on the 
EEQ of the YRDUA to generate a LISA distribution diagram 
(Figure 9). There are five types of spatial features in the study area: 
High-High (HH) aggregation, High-Low (HL) aggregation, 
Low-Low (LL) aggregation, Low-High (LH) aggregation, and No 
Significant (NS) aggregation, among which NS, HH, and LL are 
the main ones. In the past 20 years, the HH aggregation is mainly 
distributed in the southern part of the study area, while the LL 
aggregation is mainly distributed in the northern part. It shows 
that the overall EEQ in the southern part of the study area is good, 
while that in the northern region is poor. In 2001, it was mainly 
distributed in Hefei and Chuzhou in the northwest of the study 
area. From 2006 to 2011, the distribution center of LL aggregation 
shifted eastward along the Yangtze River, forming two 
concentrated distribution regions with Hefei as the center and 
Shanghai as the center. In 2016, the distribution area of LL 
aggregation types expanded northward, with the distribution 
center in Yancheng City. In 2021, the area of LL aggregation types 
decreased significantly, mainly distributed in Hefei City, the 
estuary of the Yangtze River, and the Hangzhou Bay area. From 
the change of the area proportion of each aggregation type 
(Figure 10), the proportion of NS area is the highest in the five 
research years. From 2001 to 2011, the area changes of each 
aggregation type were relatively stable, the proportion of HH 

aggregation area was larger than that of LL cluster, and the 
proportion of NS aggregation area decreased significantly in 2016. 
The area proportions of LL and HH aggregations both increased, 
and the area proportion of LL aggregation exceeded that of HH 
aggregation. In 2021, the proportion of NS area increased 
significantly, but the proportion of LL and HH area decreased.

Discussion

The research results are similar to those of existing study 
(Zheng et al., 2021), but there are certain differences in different 
regions, especially in the northern region, including Yancheng, 
Taizhou, Yangzhou and Nantong, where the EEQ changes more 
acutely than previous study. The main reason is that the area with 
serious air pollution in the north of the YRDUA expanded before 
2016, and then the area gradually decreased, and the air quality in 
the study area has improved significantly (Yun et al., 2019; Zhang, 
2022). In addition, the air quality in the south of the study area 
was generally better than that in the north, which was one of the 
reasons for the spatial differentiation of the EEQ in the YRDUA 
(She et al., 2017).

In this study, the MRSEI was constructed based on the 
GEE platform and MODIS data, which can better avoid the 

FIGURE 8

Moran scatter plots of the MRSEI in Yangtze River Delta Urban Agglomeration from 2001 to 2021.
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problems of complex data processing and low data quality in 
previous studies. GEE platform can quickly process lots of 
images to be downloaded in batches, which not only updates 
the images timely, but also avoids the complicated preliminary 
processing of remote sensing images. In addition, Google’s 
powerful server can be used to quickly process and analyze 
massive remote sensing data in large scale areas online. 
Therefore, it can effectively solve the problems in the 
application of remote sensing ecological index in a large area. 
MODIS data has moderate spatiotemporal resolution and 
high image quality, and combined with the GEE platform, it 
can ensure the consistency and stability of index calculation 
in larger-scale study areas. MODIS data has moderate 
spatiotemporal resolution and high image quality. Combined 
with the GEE platform, it can ensure the consistency and 
stability of index calculation in the large scale study area. 
Based on the ecological environment characteristics of the 
study area, the impacts of air quality on the EEQ cannot 
be ignored. MRSEI considers the impact of air quality on the 
ecological environment, and adds air quality indicators on the 
basis of the original four indicators. Compared with RSEI, 
MRSEI can more comprehensively and scientifically reflect 
the EEQ of large urban agglomerations, making the evaluation 
indicators more objective and reasonable. In conclusion, the 

results of this study are important for understanding the EEQ 
of the YRDUA and formulating ecosystem protection policies 
and sustainable development strategies in the YRDUA. The 
research method also provides a reference for the realization 
of ecological environment monitoring and governance of 
large urban agglomerations.

Although this study has improved RSEI, there are still 
some limitations in this work. Firstly, whether the five 
indicators can comprehensively represent the regional EEQ is 
questionable, the ecosystem itself is complex and diverse, and 
the composition and changes of EEQ involve many aspects, 
including natural factors and human factors. Future research 
can increase the number of indicators (Wei et al., 2019), such 
as vegetation net primary productivity (NPP), vegetation 
health index (VHI), meteorological drought index, and 
various socio-economic indexes. Secondly, the evaluation 
methods of the five indicators themselves can also 
be  improved. It can be considered to establish appropriate 
thresholds according to the conditions of the study area 
before normalization (Estoque et al., 2020).Regional EEQ is 
usually based on the ecological base composed of natural 
factors such as temperature, precipitation, and solar radiation. 
Aggravation of climate change leads to the drastic change of 
natural factors, thus affecting the regional EEQ (Elahi et al., 

FIGURE 9

LISA cluster map of the MRSEI in Yangtze River Delta Urban Agglomeration from 2001 to 2021.
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2022b). In addition, the increase of human activity intensity 
and large-scale urban construction have not only changed the 
topography, but also greatly changed the original ecological 
environment and caused the urban heat island effect, exerting 
various effects on the surrounding ecological environment. 
Therefore, under the effect of climate change and human 

activity, the future related research should further explore the 
relationship of EEQ changes to climate change and human 
activities in Yangtze River Delta, quantitatively analyze the 
response of regional EEQ to the climate change and land use 
change of this region, especially the interaction between 
urban expansion and ecological environment in the process 

FIGURE 10

Area proportion of each clustering area.

TABLE 5 Change detection of MRSEI level in Yangtze River Delta Urban Agglomeration from 2001 to 2021.

Year
Change type OD SD NC SI OI

Change level −4 −3 −2 −1 0 1 2 3 4

2001—2006 Type area/km2 113.06 31571.14 113751.00 55756.78 16.22

Percent (%) 0.06 15.69 56.53 27.71 0.01

2006—2011 Type area/km2 259.88 27747.54 132567.00 40669.20 53.91

Percent (%) 0.13 13.78 65.86 20.20 0.03

2011—2016 Type area/km2 142.08 51858.63 117092.00 31974.24 342.96

Percent (%) 0.07 25.75 58.13 15.88 0.17

2016—2021 Type area/km2 29.17 13492.95 110819.00 76488.40 504.91

Percent (%) 0.02 6.70 55.04 37.99 0.25

2001—2021 Type area/km2 81.76 22510.43 86941.90 91229.80 421.65

Percent (%) 0.04 11.19 43.21 45.35 0.21
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of urban development, and discuss the impacts of single 
factor action and multi-factor interaction on the EEQ, so as 
to better coordinate the relationship of climate change to 
economic development and environmental protection.

Conclusion

In this study, based on GEE platform and MODIS data 
products, PCA was employed to coupling greenness, humidity, 
dryness, heat, and air quality to construct MRSEI, which is to 
monitor and study the EEQ in the YRDUA in the past 20 years. 
The main results and conclusions are as follows:

 1. In the five research years, the average MRSEI distribution 
in the YRDUA ranged from 0.59 to 0.67, the overall EEQ 
of the YRDUA is at a moderate or good level. The EEQ 
of the YRDUA showed an improvement trend from 2001 
to 2011, mainly due to the increase of the area with good 
EEQ. From 2011 to 2016, the area with moderate and 
poor EEQ increased, while that with good EEQ 
decreased significantly. From 2016 to 2021, the EEQ was 
improved significantly. From the perspective of spatial 
pattern, the EEQ in the south of the YRDUA was better 
than that in the north. The regions with good and 
excellent EEQ were mostly distributed in the southern 
part of the study area. The regions with average and 
poor EEQ were mainly concentrated in the north and 
the two banks of the Yangtze River, and most of them 
are concentrated in the urban built-up areas. From the 
perspective of specific cities, the EEQ of the southern 
cities in the study area is better and more stable, while 
that of the northern cities is relatively drastic, but the 
overall EEQ has been improved.

 2. Overall, the ecological conditions of the YRDUA from 
2001 to 2021 were mainly unchanged or improved. The 
regions with improved EEQ were mainly distributed in 
the north and west, while those with deteriorated EEQ 
were mainly distributed in the east and south. From 
2001 to 2006, the ecological environment of the 
YRDUA gradually improved. The area with improved 
EEQ accounts for 27.72% of the total area of the study 
area, mainly distributes in Hefei, Chuzhou, Ma’anshan, 
and Yancheng. From 2006 to 2011, the ecological 
environment change of the YRDUA was relatively 
stable. The regions with improved EEQ were mainly 
distributed in Anqing and Chizhou in the west, while 
those with deteriorated EEQ were mainly distributed 
in Suzhou and Huzhou in the east. From 2011 to 2016, 
the ecological environment of the YRDUA changes 
dramatically. The area with deteriorated EEQ accounts 
for 25.82% of the total area, in which the EEQ is greatly 
degraded, and they were mainly distributed in 
Yangzhou, Taizhou, and Yancheng in the north. From 

2016 to 2021, the EEQ of the YRDUA was improved, 
and the area of ecological environment deterioration 
was significantly reduced.

 3. The values of Moran’s I of EEQ in the study area in 2001, 
2006, 2011, 2016, and 2021 are 0.918, 0.874, 0.864, 0.902, 
and 0.838, respectively. The spatial distribution of EEQ 
in the YRDUA was positively correlated, and the spatial 
distribution showed aggregation. In the past 20 years, NS 
area of spatial autocorrelation distribution of EEQ in the 
YRDUA accounts for the highest proportion, HH 
aggregation was mainly distributed in the southern part 
of the YRDUA, while LL aggregation was mainly 
distributed in the northern part of the YRDUA.
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