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Abstract

Rapid and accurate evaluation of ecological environmental quality and analysis of spatio-temporal
changes has important practical significance for Jinan, China, which is in a critical period of rapid
economic and social development, leading to the contradiction between ecological environment and
urban development increasingly prominent. In this study, we utilized Landsat 5/TM and Landsat 8/
OLI images to construct the remote sensing ecological index (RSEI) for evaluating and analyzing the
ecological quality of Jinan from 2006 to 2018. The results indicate that the ecological environmental
quality of Jinan is in a satisfied order. The RSEI of Jinan increased slightly from 2006 to 2018 and the
area of improving environmental quality accounted for 32.78%. By contrast, the area of decreasing
ecological environmental quality only accounted for 18.40%, indicating that the overall ecological
environmental quality of Jinan was in an improving trend in recent years. The ecological quality of
the southern mountainous area changed greatly and the ecological environment improved obviously,
while the ecological environmental quality of the central urban area was relatively stable. The results
provide a guidance for local government and data support for ecological protection in the context of

rapid urbanization.

Keywords: ecological environmental quality, spatio-temporal variation, remote sensing ecological

index, principal component analysis (PCA), Jinan

Introduction

The ecological environment is the basis of human
survival and sustainable development, which plays an
essential role in the development of human society.

e-mail: liuyaohui20@sdjzu.edu.cn

With the rapid progress of global urbanization, the
ecological environment problem is one of the most
important global problems that human beings are
facing at present. Sea level size [1, 2], decreasing
of forest resources [3], flood disaster [4], vegetation
degradation [5, 6], urban heat island effect [7, 8],
soil pollution [9, 10], disaster risk [11, 12] and other
ecological environment problems seriously threaten
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the survival and development of human beings.
Therefore, dynamic and continuous monitoring of the
temporal and spatial changes of ecological environment
quality has gradually become the focus of academic
circles and relevant government departments, which
does wvitally help to the healthy and sustainable
development of urban construction.

Scholars continue to promote the research of
eco-environmental quality evaluation, bringing the
evolutions of the theoretical methods, data acquisition
and technical means of eco-environmental quality
evaluation. Among them, remote sensing technology
has become an effective tool and has been widely
used in eco-environmental quality evaluation because
of its advantages in long-time series, wide detection
range and reliable data. Li et al. used remote sensing
technology to analyze the land use and land cover
change pattern of Qinghai Lake Basin from 1977 to
2004, and discussed the main environmental problems
of Qinghai Lake Basin [13]; Some scholars analyzed
the changes in ecological environment quality in forest,
grassland, farmland and other areas by calculating
vegetation net primary productivity [14], as well as the
changes of environmental quality by analyzing single
factors such as landscape pattern [15, 16] and urban heat
island effect [17]. However, the single ecological index
cannot accurately reflect the total eco-environment,
which cannot objectively and fairly representing the
changes of eco-environment quality. Therefore, a
comprehensive index is needed to evaluate the complex
urban ecological environment comprehensively and
objectively.

Xu proposed the new remote sensing-based
ecological index (RSEI) to evaluate the regional
ecological environmental quality [18]. This index
is completely based on remote sensing information
technology and can obtain surface information
objectively and quantitatively, which has a certain
significance in environmental quality evaluation.
Yue et al. used the RSEI to analyze the spatial and
temporal distribution characteristics of ecological
conditions in 35 major cities in China [19]. Hang
et al. applied the RSEI model to assess ecological
quality changes in Nanjing from 2000 to 2018 using
Landsat 5 and Landsat 8 images combined with
meteorological observations and socio-economic data
[20]. Rukeya Sawuti et al. detected and evaluated the
dynamic change of ecological environmental quality
in Fukang by calculating the RSEI. Results show that
unscientific land use leads to the decline of ecological
environmental quality in Fukang [21]. Xiong et al.
utilized RSEI to assess the impact of rubber plantation
expansion on the quality of the ecological environment
[22]. Zhang et al. used the ecological index to evaluate
the ecological environmental quality of Qilian Mountain
National Park [23]. These researches have demonstrated
the effectiveness of the RSEI method and can realize
the objective evaluation of ecological environmental

quality, also has a high practical significance and
reference value.

In recent years, as the capital of Shandong Province,
Jinan has developed rapidly with continuous expansion,
bringing dynamic changes in the urban ecological
environment. At present, the related researches on the
ecological environmental quality evaluation of Jinan
mainly focus on the single ecological environment index
of air quality [23-25], water resources environment
[26, 27], soil quality [28, 29]. To our best knowledge,
the research on the ecological environmental quality
evaluation of Jinan is rare. The mechanism and
driving factors of long-time series change of ecological
environment in Jinan are not clear either.

Here, based on Landsat remote sensing images, this
manuscript uses the principal component analysis (PCA)
method to construct the RSEI model to quantitatively
evaluate the ecological environment of Jinan from
2006 to 2018 by integrating humidity, greenness,
and thermal dryness indexes and analyzes the spatio-
temporal change process of ecological environmental
quality. Combined with the development characteristics
of Jinan, this manuscript analyzes the evolution law
of ecological environment in southern mountainous
areas and central urban areas in detail, to provide some
reference suggestions for the protection of the natural
environment and ecological environment construction in
Jinan, as well as to serve the coordinated development
of social economy and ecological environment in Jinan.

Materials and Methods
Research Area

Jinan  (114°11'E-117°44’E,  36°01'N-37°32'N) is
located in the central region of Shandong Province,
south of Mount Tai, north of the Yellow River.
The terrain is high in the south and low in the north
[30], characterized by distinct monsoons and four
distinct seasons. The annual average temperature is
13.5°C-15.5°C, and the precipitation is 600-900 mm.
In this paper, 8 districts and 2 counties in Jinan are
selected as the study area (Due to historical reason,
the original Laiwu was not included in Jinan, so
this area is not considered). 8 districts refer to Lixia
District, Shizhong District, Huaiyin District, Tianqiao
District, Licheng District, Changqing District, Jiyang
District, Zhangqiu District, 2 counties refer to Shanghe
County and Pingyin County. We selected the southern
mountainous area and the central urban area for in-
depth study. The southern mountainous area includes
the whole area of Zhonggong Sub-district Office, Liubu
Sub-district Office, and Xiying Town; The central
urban area refers to the area delineated by the Jinan
Master Plan (2011-2020) [31], and the scope of the study
area is shown in Fig. 1.
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Fig. 1. The location of the research area.

Materials

We utilized Landsat 5/TM and Landsat 8/OLI
images to construct the RSEI model. Landsat series
remote sensing images provided by the website of the
United States Geological Survey (https:/www.usgs.
gov/). Remote sensing images in 2006, 2010, 2013, and
2018 are selected. The time phase is the same, and the
cloud cover is less than 6% from April to May. The
image quality is high, which can ensure the accuracy
and comparability of the research results. Table 1
presents the details of experimental data in this paper.
To avoid the influence of the atmosphere, illumination,
and other factors on the processing accuracy of remote
sensing images in different years, this study employed
the absolute calibration method to calibrate the image.
Then, the FLAASH atmospheric correction module was
used for atmospheric correction, and finally, the image
was mosaic and cut according to the boundary outline
of the study area [33].

Methods

RSEI is a quantitative evaluation method integrating
a variety of ecological indicators based on remote
sensing information. The index is composed of four
indicators: green degree, humidity, dry degree, and heat
degree [33], and is integrated by the PCA method. The
RSEI model has been widely applied in urban ecological
environment assessment.

Evaluation Index Calculation

RSEI is constructed by integrating four indicators
of greenness, wetness, dryness, and heat. In this paper,
we chose the Normalized Difference Vegetation Index
(NDVI) as our greenness indicator [34]. The wetness
index is represented by the humidity component in
the tasseled cap transformation [35, 36]. The study
area includes bare soil and urban built-up area, so the
Normalized Difference Build and Soil Index (NDBSI)
is generated by the combination of the Soil Index (SI)
and the Index-based Built-up Index (IBI) [37, 38]. The
heat index is represented by the inversion results of
land surface temperature (LST). The Radiative Transfer
Equation is used to invert the surface temperature
to obtain the surface temperature [39]. We employed
the normalization in calculating these indexes for
weakening the influence of spectral sensitivity between
Landsat TM and OLI data. The flowchart is shown in
Fig. 2.

In Fig. 2, pu, Pos P> Pairs Pswirp Pswiry FEPTESENE the
reflectance of bands 1-5 of the Landsat 5/TM image and
the bands 2-6 of the Landsat 8/OLI image, respectively.
L, is the radiance at the sensor; ¢ is the land surface
emissivity; LST is the true surface temperature;
B(LST) is the blackbody radiance given by Planck’s
law for a temperature LST; t is the total atmospheric
transmissivity between the land’s surface and the
sensor. L, and L, represent the upward and downward
radiance of the atmosphere, respectively. K, = 607.76
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Table 1. Details of experimental data.

Sensor type Track number Line number Imaging time Cloud cover
122 34 2006-05-02 0.00%
122 35 2006-05-02 2.00%
Landsat5 TM
122 34 2010-04-27 2.00%
122 35 2010-04-27 4.00%
122 34 2013-05-21 5.89%
122 35 2013-05-21 0.87%
Landsat 8 OLI
122 34 2018-05-16 0.05%
122 35 2018-05-16 0.10%

W/( m*pm-sr) and K, = 1260.56 K if obtained from the
TM, and K = 774.89 W/( m*um-sr) and K, = 1321.08 K
for the OLI.

Construction of RSEI Model

The RSEI adopts the PCA method to integrate
the four ecological evaluation indexes of greenness,
wetness, dryness, and heat. Since the calculation of the
greenness index and dryness index in the water area is of
little significance, to avoid this situation, it is necessary

to use the modified normalized difference water index
(MNDWI) to eliminate the water information of each
index [40]. Due to the uniform dimensions of each
index, the direct principal component analysis will
lead to the imbalance of the weight of each index,
which requires the normalization of each index. The
normalization formula is as follows:

I -1
NII - 1 min
Im

ax _Imin

Y

NDVI = (pwir — pr)/(Pnir + PR)

WETpy = 0.0315 X pg + 0.2021 X pg + 03102 X pg +
0.1549 X py;z — 0.6806 X pyirs — 0.6109 X psyinz
»| WET,,; = 0.1511 X pp + 0.1973 X p + 0.3283 X pg +

0.3407 X pysz — 0.7117 X pswirs — 0.4559 X pswizz

_ (pswir1 — Pr) — (pnir + PB)

 (pswir1 + Pr) + (Pnig + PB)

SI
Landsat
TM/OLI [

IBI =

NBSI = (SI + IB)/2

2pswirt _ _ PNIR Pa
Pswirt t Pnir  Pnir PR Pc T+ Pswir 1] NDBSI
[ 2pswir1 PNIR Pe ]
Pswirt t Pnir - PNir T PR Pc T+ Pswirt

A 4

Ly = [eB(LST) + (1 — &)Lyt + L,
B(LST) = [Ly — L1 —t(1 — &)L, /¢
LST = K, /In(K,/B(LST) + 1) — 273

LST

Fig. 2. The flowchart of the RSEI method.
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Where NI is a normalized index value, /. is the
original pixel value of this index, and / _and /  are
the maximum and minimum of this index, respectively.
Due to the lack of measured data, this paper intercepts
the confidence interval according to the statistical
histogram of each factor and finally determines that the
confidence interval of each index factor is 2%. The DN
value of 98% is used as the confidence interval, and the
data outside the interval is set to the maximum value,
which can effectively avoid the influence of extreme
values on normalization.

The processed index factors are analyzed by the
PCA method, and the first principal component (PC1) is
extracted for the calculation to obtain the initial value of
RSEIL, which is denoted as RSEI [41]. The calculation
formula is as follows:

RSEI, =1— PCI[ f (NDVI,WET,NDBSI,LST)]

Then normalized RSEI is remote sensing ecological
index (RSEI), the calculation formula is as follows:

RSEI, — RSEI,
RSEI

0_max

_min

— RSE]

0_min

RSEI =

The RSEI obtained by formula (3) has a range of
[0,1]. The larger the RSEI value, the better the ecological
environmental quality.

Results and Discussion

Evaluation of Ecological Environmental Quality
in Jinan

Based on the RSEI model, we used remote sensing
images from 2006, 2010, 2013, and 2018 to extract 4
index factors of NDVI, WET, NDBSI, and LST with
PCA analysis, and selected the first principal component
analysis after the principal component analysis. District
ecological environmental quality status, the influence,
and correlation of each index component on PCl are
obtained, as shown in Table 2.

It can be seen from Table 2 that the contribution rate
of the first principal component eigenvalue is more than

Table 2. Change of load value of index PC1 in each year.

80% in the results of principal component analysis of the
data of four different periods, indicating that PC1 has
contained most of the information of the four indicators.
In addition, the load value of each index on PCI is
relatively stable, which meets the basic requirements
of principal component analysis. Therefore, we can
establish the remote sensing ecological index. The load
values of green degree (NDVI) and humidity (WET) are
both positive, indicating that they have positive effects
on the ecological environment in Jinan. By contrast, the
load values of dryness (NDBSI) and the heat (LST) are
both negative, indicating that they both have negative
effects on the ecological environment in Jinan.

Followed by the previous study [42], we subdivided
RSEI into five sets of ratings at intervals of (0-0.2,
0.2-0.4, 0.4-0.6, 0.6—0.8, and 0.8-1.0): bad, poor,
average, good and excellent, respectively. Through the
reclassification process, the spatial distribution map of
the ecological environmental quality grades is obtained
and presented in Fig. 3. The areas with the good
ecological environment in Jinan during the four periods
are mainly distributed in the southern mountainous
area and the northern plains area, while the arcas with
the relatively poor ecological environment are mainly
concentrated in the urban built-up areas.

We conducted statistics and analyzed the proportion
of ecological environmental quality grades in four
different periods of Jinan City (Table 3). The result
shows that the ecological environmental quality grade
of Jinan is mainly good and medium, and the area
ratio of them is always more than 50%. The proportion
of areas with poor grades is always lower than 5%,
indicating that the overall environmental quality of
Jinan is in good condition from 2006 to 2018.

An Analysis of Spatial and Temporal Differences
in the Ecological Quality in Jinan

To further analyze the temporal and spatial
changes of ecological environmental quality in Jinan,
we calculated the difference value of ecological
environmental quality grade evaluation results in
2006, 2010, 2013, and 2018, and obtain the changes of
ecological environmental quality in Jinan in these four
periods (Fig. 4). The red area in Fig. 4 shows that the
quality of the ecological environment is decreased,
while the yellow area indicates that the ecological

Year 2006 2010 2013 2018
NDVI 0.50 0.64 0.43 0.48
WET 0.45 0.42 0.54 0.56
NDBSI -0.56 -0.63 -0.58 -0.60
LST -0.48 -0.13 -0.42 -0.32
Contribution rate 87.31% 84.98% 80.81% 82.31%
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Fig. 3. Distribution of RSEI grades of Jinan from 2006 to 2018.

environmental quality has not changed, and the green
area represents the improvement of the ecological
environmental quality. From 2006 to 2010, the areas
where the quality of the ecological environment
in Jinan declined were mainly concentrated in the
southern mountainous areas and the northern plains;
from 2010 to 2013, the areas with improved ecological
environmental quality in Jinan were mainly distributed
in the southern mountainous areas; from 2013 to 2018. In
2006, the overall ecological environmental quality was
mainly unchanged; from 2006 to 2018, the ecological
environmental quality of Jinan was improved, and the
improved areas were mostly distributed in the southern
mountainous areas.
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We conducted statistics on the area and proportions
of the areas with ecological environmental quality
levels in four different periods in Jinan (Table 4). The
results show that from 2006 to 2010, the areas with
unchanged ecological environmental quality accounted
for the largest area, accounting for 73.35%. The area
with deterioration accounted for 17.92%, Conversely,
the area with improvement was 8.74%, which suggests
that the ecological environmental quality of the study
area declined slightly during this period. From 2010
to 2013, the total area where the ecological level
of the study area became better was 2560.54 km?,
accounting for 32.32%, on the other hand, the area
of the deteriorating area only accounted for 16.92%.



Fig. 4. Changes of the RSEI of Jinan from 2006 to 2018.
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Table 3. Statistical chart of ecological grades and area ratios in each year.
2006 2010 2013 2018
Grade
Area (km?) % Area (km?) % Area (km?) % Area (km?) %
Bad 176.8 2.2 186.3 2.3 363.1 4.6 3335 42
Poor 1389.5 17.5 1688.8 21.3 1745.5 22.0 1649.2 20.8
Average 2781.7 35.1 3023.8 38.2 2102.2 26.5 1950.2 24.6
Good 3112.8 39.3 2442.1 30.8 2181.9 27.5 2304.1 29.1
Excellent 461.2 5.8 581.4 7.3 1529.8 19.3 1685.4 21.3
N4
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Table 4. Changes in ecological environmental quality in each year.
2006~2010 2010~2013 2013~2018 2006~2018
Category
Area (km?) % Area (km?) % Area (km?) % Area (km?) %
Worse 1419.3 17.9 1277.2 16.1 535.1 6.8 1457.6 184
Unchanged 5810.7 73.4 4084.6 51.6 6235.9 78.7 3867.6 48.8
Better 692.3 8.7 2560.5 323 1151.3 14.5 2597.2 32.8

Accordingly, the ecological environmental quality of
the study area was significantly improved during this
period. From 2013 to 2018, the area with the same
ecological quality level was 6235.96 km?, accounting
for 78.71%. The areas with better and worse ecological
quality levels were 14.53% and 3.75%, respectively,
indicating that the ecological environmental quality of
the study area has improved during this period. From
the perspective of the total 12-year trend, the area of
the study area with better ecological grade accounted
for 32.78%, while the area with reduced ecological
environmental quality accounted for 18.40%. Results
show that the environmental quality in Jinan increased

Assessment of Ecological Changes of Characteristic
Ecological Regions in Jinan

By analyzing the temporal and spatial evolution
of Jinan, it is found that the ecological environmental
quality in the southern mountainous area and the
central urban area of Jinan has obvious characteristics.
Therefore, to explore the evolution characteristics of
the ecological environment in key areas of Jinan, this
section focuses on the analysis of the environmental
quality and its influencing factors in the southern
mountainous area and central urban area of Jinan,
to provide some references for the protection of the

after the decline with an overall upward trend of “V”- natural environment and ecological environment
shaped change from 2006 to 2018. construction.
(b) 2010 @
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Fig. 5. Changes of the RSEI in the Southern Mountain Region of Jinan from 2006 to 2018.
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Assessment of Ecological Changes of the Southern
Mountain Area

The southern mountainous area is the key
ecological protection area of Jinan. The ecological
environmental quality of the southern mountainous area
of Jinan from 2006 to 2018 is displayed in Fig. 5. The
ecological environmental quality level of the southern
mountainous area in 2006 is mainly good and medium.
And the area with middle ecological grade expanded in
2010 and the ecological environmental quality declined
slightly. Moreover, the ecological environmental quality
has been significantly improved in 2013, the grades are
mainly excellent. Ecological environmental quality in
2018 is similar to that in 2013.

The local government of Jinan actively implements
the south control strategy, and improves the vegetation
coverage through measures such as returning farmland
to forests, afforestation of barren hills, restoration and
management of mining areas, and construction of nature
reserves, scenic spots, and forest parks. At present,
the forest coverage in the southern mountainous area
is more than 60 %, and the soil erosion is effectively
controlled. Through the construction of ecological
agriculture, ecological industry, and ecological tourism,
the sustainable development capacity of the southern
mountainous areas has been improved, which has
effectively improved the quality of the local ecological
environment.

Assessment of Ecological Changes
of the Central Urban Area

Through the analysis of the grade distribution map
of the ecological environmental quality in the central
urban area of Jinan from 2006 to 2018 (presented in Fig.
6), it is clear that the ecological environmental quality
in the central urban area of Jinan is relatively stable.
The declining areas of the ecological environmental
quality in the central urban area are distributed in the
east of the urban area. This is because the built-up area
gradually expands eastward, and the construction area
of the region continues to increase and the vegetation
coverage decreases, leading to a decline in the
ecological environment index in the eastern part of the
urban area in Jinan.

Based on the RSEI model, this paper evaluates the
ecological environment of Jinan. The method objectively
describes the ecological environmental quality of Jinan
and can analyze the spatial and temporal changes of the
ecological environmental quality reasonably. Due to the
low resolution of the selected image, there are some
shortcomings in the final evaluation results, so a higher
resolution remote sensing image should be considered
in future research.

The change of ecological environmental quality in
Jinan is caused by natural factors, urban construction,
and other aspects. From the perspective of natural
factors, Jinan is located in the south of the Yellow
River and the north of Mount Tai. The terrain is mainly

(a) 2006
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Fig. 6. Changes of the RSEI in the Central City of Jinan from 2006 to 2018.
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Fig. 7. Changes in precipitation and temperature from 2006 to 2018.

composed of hills and plains. Natural factors such as
precipitation and temperature play a certain role in the
change of ecological environmental quality. As shown
in Fig. 7, the annual average temperature of Jinan from
2006 to 2018 showed a trend of the first decrease and
then increase, while the annual precipitation showed a
slight fluctuation and a slow upward trend. The average
NDVI value of the green index decreased from 0.47 in
2006 to 0.41 in 2010 and then increased to 0.52 in 2018.
The mean NDBSI, which was negatively correlated
with the ecological environment, rising from 0.59 in
2006 to 0.62 in 2010 and then fell to 0.54 in 2018. In
general, the above results show that the increase of
temperature and higher precipitation contribute to the

Replacing Old
Growth Drivers With
New Ones
IWorse
Unchanged
IBetter

South Mountainous Area

Jinan Prior Zone For

Central City

growth of vegetation and improve the quality of the
ecological environment. Therefore, climate change
affects the quality of the ecological environment to a
certain extent.

From the perspective of urban construction in
Jinan, the local government first put forward the
cross-development policy of ‘expanding to the
East, advancing to the West, controlling to the
South, crossing to the North and dispersing to the
Middle’ in 2003. After nearly 17 years, Jinan’s urban
development has deepened the implementation of the
abovementioned policy. According to Fig. 8, it can
be seen that from 2006 to 2018, the areas where the
ecological environment quality of Jinan City increased

Fig. 8. The contrast between change images of RSEI from 2006 to 2018 and the plan map of Jinan City.
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only in the southern mountainous area and the northern
plain area. The local government carried out a series
of efforts, such as returning farmland to forest and
afforestation and provided policy protection for the
southern area, which made the vegetation coverage
rate of the area increase year by year and effectively
improved the ecological environment of the southern
mountainous area. However, the northern plain area of
Jinan City is flat with cultivated land and a relatively
stable eco-environment. In the eastern and western
arcas of the central urban area, a large area of bare
construction land has replaced the original green
space due to the continuous expansion of the city,
reducing the ecological environment quality of the
area. With the implementation of the old and new
kinetic energy conversion pilot area in Jinan, a large
amount of farmland in this area has been converted
into construction land, and the vegetation area has
decreased, resulting in the decline of ecological
environment quality. Therefore, it can be seen that the
urban development policy has a great impact on the
quality of the urban ecological environment in Jinan
City.

Conclusions

In this paper, comprehensive research the spatial
and temporal variation analysis of the ecological
environment in Jinan City was performed using remote
sensing technology. Landsat 5/TM and Landsat 8/OLI
images were utilized to construct the RSEI, which
integrates with the green degree, humidity, dry degree,
and heat degree. Then, we quantitatively evaluated
the ecological environmental quality of Jinan from
2006 to 2018 and analyzed the temporal and spatial
evolution of the quality of the ecological environment in
Jinan. Finally, the influencing factors of the quality of
ecological environment change of Jinan are discussed.
From 2006 to 2018, the ecological environmental
quality of Jinan shows a “V” trend of declination first
and then increased. The proportion of arcas where
the ecological environment in Jinan was improved at
32.78%, unchanged at 48.82%, and decreased by only
18.40%, respectively. The areas with the poor ecological
environment are mainly distributed in the eastern urban
area and the northern plain area, and the areas with the
improved environment are mainly distributed in the
southern mountainous area. The improvement of the
ecological environment in Jinan is mainly due to the
effective policies of the local government and the active
protection of the masses.

The research results of this paper provide a scientific
basis for the urban construction of Jinan, thereby
promoting the sustainable development of resources
and the environment in the study area. Future research
would continue to explore the combination of Sentinel-2,
GF-2, and other multi-source data to evaluate the
quality of the ecological environment.
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