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Abstract: Urban Surface Ecological Status (USES) reflects the structure and function of an urban
ecosystem. USES is influenced by the surface biophysical, biochemical, and biological properties.
The assessment and modeling of USES is crucial for sustainability assessment in support of achieving
sustainable development goals such as sustainable cities and communities. The objective of this
study is to present a new analytical framework for assessing the USES. This analytical framework
is centered on a new index, Remotely Sensed Urban Surface Ecological index (RSUSEI). In this
study, RSUSEI is used to assess the USES of six selected cities in the U.S.A. To this end, Landsat
8 images, water vapor products, and the National Land Cover Database (NLCD) land cover and
imperviousness datasets are downloaded for use. Firstly, Land Surface Temperature (LST), Wetness,
Normalized Difference Vegetation Index (NDVI), and Normalized Difference Soil Index (NDSI) are
derived by remote sensing methods. Then, RSUSEI is developed by the combination of NDVI,
NDSI, Wetness, LST, and Impervious Surface Cover (ISC) with Principal Components Analysis
(PCA). Next, the spatial variations of USES across the cities are evaluated and compared. Finally,
the association degree of each parameter in the USES modeling is investigated. Results show that
the spatial variability of LST, ISC, NDVI, NDSI, and Wetness is heterogeneous within and between
cities. The mean (standard deviation) value of RSUSEI for Minneapolis, Dallas, Phoenix, Los Angeles,
Chicago and Seattle yielded 0.58 (0.16), 0.54 (0.17), 0.47 (0.19), 0.63 (0.21), 0.50 (0.17), and 0.44 (0.19),
respectively. For all the cities, PC1 included more than 93% of the surface information, which is
contributed by greenness, moisture, dryness, heat, and imperviousness. The highest and lowest mean
values of RSUSEI are found in “Developed, High intensity” (0.76) and “Developed, Open Space”
(0.35) lands, respectively. The mean correlation coefficient between RSUSEI and LST, ISC, NDVI,
NDSI, and Wetness, is 0.47, 0.97, —0.31, 0.17, and —0.27, respectively. The statistical significance of
these correlations is confirmed at 95% confidence level. These results suggest that the association
degree of ISC in USES modeling is the highest, despite the differences in land cover and biophysical
characteristics in the cities. RSUSEI could be very useful in modeling and comparing USES across
cities with different geographical, climatic, environmental, and biophysical conditions and can also
be used for assessing urban sustainability over space and time.

Keywords: Urban Surface Ecological Status (USES); Remotely Sensed Surface Ecological Index
(RSUSEI); sustainability; impervious surfaces; US cities; National Land Cover Database (NLCD)
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1. Introduction

Surface Ecological Status (SES) reflects the structure and function of an ecosystem. SES is
influenced by surface biophysical, biochemical, and biological properties [1,2]. SES has wide applicability
e.g., in ecological and environmental assessments, including ecosystem management and life quality
evaluations [2,3]. SES and its spatial variations are influenced by natural and anthropogenic factors [4,5]
e.g., in urban areas. Increased human activity is one of the most important anthropogenic factors
affecting the Urban Surface Ecological Status (USES) and its changes [5-7]. Given the high concentration
of human activity in urban environments, assessing and modeling USES is crucial for urban
environmental management and planning, informing decision-makers and the public about ecosystem
services, and sustainability assessment in support of achieving sustainable development goals such as
sustainable cities and communities [8].

In previous studies, spectral indices derived from satellite imagery have been widely used
to model SES [1,5-7,9-11]. These indices include Normalized Difference Vegetation Index (NDVI),
Leaf Area Index (LAI), Normalized Difference Built-up Index (NDBI), Normalized Difference Soil Index
(NDSI), Normalized Difference Water Index (NDWI), and Land Surface Temperature (LST) [4-6,10-13].
The advantages of remote sensing (RS) data, which can provide observations over a large area and a
long period of time, have been extended to SES modeling on a local, regional, and global scale [14-17].
However, the complexity in the relationship between SES and biophysical and environmental factors
makes it difficult to quantify SES based on a single spectral index [4-6]. Aggregated remote sensing
indices have shown more advantages than a single index in modeling SES [4,18]. An integrated Remote
Sensing-based Ecological Index (RSEI) was developed for the rapid assessment of SES, using satellite
data [6]. The advantages of RSEI can be summarized as (a) scalable, (b) visualizable, (c) comparable
at different scales, and (d) customizable to minimize error or variation caused by other properties
in the weight definitions [4-6]. Despite these valuable benefits, the RSEI was developed solely by
using spectral indices related to land surface components and surface climate. The use of index-based
built-up areas in Hu and Xu (2018) [6] and subsequent studies showed that the index cannot address
the issue of bare land and sparsely vegetated areas, due to spectral confusion with the built-up areas.

Impervious Surface Cover (ISC) is one of the most important factors in distinguishing the
characteristics of different types of land use and land cover in urban environments and is responsible
for changing the characteristics of surface greenness, moisture, dryness, and heat [19]. ISC has a
clear physical meaning in land surface composition, suitable for comparative urban analysis [20-22].
Hence, the inclusion of ISC can potentially increase the accuracy of modeling the USES. Based on the
Vegetation-Impervious surface-Soil (V-I-5) model [23], the percentage of each of the three fractions of
impervious, vegetation, and soil covers in a pixel indicates the difference in the surface characteristics
of different urban land cover/uses. This model assumes that land cover in urban environments is a
linear combination of three components.

The objective of this study is to present a new analytical framework for assessing the Remotely
Sensed Urban Surface Ecological index (RSUSEI) by integration of surface greenness, moisture, dryness,
heat, and imperviousness using Principal Components Analysis (PCA). Based on the V-I-S model,
this study intends to assess USES and compare six cities of the U.S.A including Minneapolis, Dallas,
Phoenix, Los Angeles, Chicago, and Seattle which have distinct geographical, geological, climatic,
environmental, and surface biophysical conditions.

2. Study Area

The new analytical framework for assessing the SES is tested in urban environments comprising the
cities of Minneapolis, Dallas, Phoenix, Los Angeles, Chicago, and Seattle (Figure 1). To select these cities,
various criteria such as (1) geographical conditions, (2) climatic conditions, (3) surface characteristics,
(4) density of population, and (5) physical size of the cities were considered. These cities possess different
geographical, climatic, environmental, and biophysical conditions. Based on the Képpen climate
classification, the selected cities have various climate types: humid continental (Dfa—Minneapolis,
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Chicago), tropical and subtropical desert (Bwh—Phoenix), dry-summer subtropical (Csa—Los Angeles;
Csb—Seattle), or humid subtropical (Cfa—Dallas). Thus, the spatial variability of the surface cover
and biophysical characteristics of these cities are different and heterogeneous.
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Figure 1. Geographical location of selected cities including Minneapolis, Dallas, Phoenix, Los Angeles,
Chicago, and Seattle in the U.S.A and land cover maps of each selected cities.

For the selected cities in the U.S.A, the area and percentage of each land cover are different (Figure 1
and Table 1). The highest area of land cover in Minneapolis, Dallas, Phoenix, Los Angeles, Chicago,
and Seattle cities is related to “Developed, Open Space”, “Developed, Low Intensity”, “Developed,
Low Intensity”, “Developed, Medium Intensity”, “Developed, Low Intensity”, and “Developed,
Low Intensity”, respectively. Among the cities, the highest percentage of “Developed, Open Space”,
“Developed, Low Intensity”, “Developed, Medium Intensity”, and “Developed, High Intensity”
lands is found in Minneapolis (36.0%), Chicago (45.5%), Los Angeles (44.6%), and Los Angeles

(16.3%), respectively.
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Table 1. Area (km?) and percentage (%) of land cover classes of selected cities in the U.S.A.

Land Cover Class Minneapolis Dallas Phoenix Los Angeles Chicago Seattle
Area % Area % Area % Area % Area % Area %
Developed, Open Space 9626 360 13293 270 6465 235 6169 152 10423 191 936.6 312

Developed, Low Intensity 859.0 321 16821 341 9668 352 9659 239 24307 455 11821 39.3

Developed, Medium Intensity ~ 599.1 224 13052 265 9135 332 18047 446 13381 245 6475 216
Developed, High Intensity 2509 95 6062 124 2211 8.1 6531 163 6508 119 2382 79
Total area 2671.6 100 49228 100 27479 100 40406 100 54619 100 30044 100

3. Data and Methods

3.1. Data

A leaf-on season of Landsat 8 image for each city was downloaded for use from the U.S.A
Geological Survey (USGS) website (http://www.usgs.gov), including Minneapolis (date: 8 September,
2016), Dallas (8 September, 2016), Phoenix (14 September, 2016), Los Angeles (26 September, 2016),
Chicago (12 September, 2016), and Seattle (13 September, 2016). Due to the spatial, temporal, spectral,
and radiometric resolution, Landsat images are suitable for modeling and monitoring environmental
and ecological conditions [24-26]. These images are georeferenced with the number of rows and
paths available. The spatial resolution of Landsat 8 reflective and thermal bands are 30 and 100 m,
respectively. Resampled thermal infrared bands based on the Cubic method with a spatial resolution
of 30 m are also available on the USGS website. Due to the climatic and seasonal effects on USES,
leaf-on clear-sky images were selected for this study. Furthermore, the Moderate Resolution Imaging
Spectroradiometer (MODIS) water vapor product (MODO07) with a spatial resolution of 5000 m was
used to calculate Land Surface Temperature (LST) from the Landsat images. This product contains
the following features: (1) total-ozone burden, (2) atmospheric stability, (3) temperature and moisture
profiles, (4) and atmospheric water vapor. In addition, datasets from the National Land Cover Database
(NLCD), including land cover and imperviousness for 2016 were used. The imperviousness data
were utilized to represent surface biophysical characteristics, while the land cover data to evaluate the
impact of land cover on USES. The NLCD land cover and imperviousness datasets with 30 m spatial
resolutions for the U.S.A prepared for different years using Landsat time-series images [27,28] are
available from USGS at the https://www.mrlc.gov/data website.

3.2. Methods

Firstly, Landsat imagery was preprocessed. In the second step, the Single Channel (SC) algorithm,
the Tasseled cap transformation, spectral indices, and the NLCD imperviousness data product were
used to derive surface biophysical characteristics, which include NDVI, Wetness, NDSI, LST, and ISC
for the selected cities. Next, USES of the selected cities were modeled by the combination of surface
biophysical characteristics data using PCA. Then, the spatial variations of USES across different selected
cities were evaluated and compared to each other. Finally, the association degree of each surface
biophysical characteristic on USES was investigated based on statistical analysis (Figure 2).
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Figure 2. The flowchart of the analytical framework. SC: Single Channel, TCT: Tasseled Cap Transformation,
NLCD: National Land Cover Database, LST: Land Surface Temperature, NDVI: Normalized Difference
Vegetation Index, NDSI: Normalized Difference Soil Index, ISC: Impervious surface cover, PCA: Principle
Components Analysis, USES: Urban Surface Ecological Status.

3.2.1. Landsat Image Preprocessing and Surface Characteristics Modeling

The Fast Line-of-sight Atmospheric Analysis of Spectral Hypercubes (FLAASH) model was
applied for the atmospheric correction of Landsat images. This model uses parameters such as satellite
overpass time, sensor altitude, geographic location, atmospheric model of the region, and the solar
elevation and zenith angels [29,30].

The spectral indices used in this study included NDVI (greenness), Wetness (moisture),
NDSI (dryness), and LST (heat), which are shown in Table 2.

Table 2. Spectral indices in this study and their calculation details.

Index Equation Reference
NIR—Red
NDVI NIR T Red [31]
Wetness  Tasseled cap transformation (TCT) component 3 [32,33]
SWIR1-NIR
NDSI SWIRT-+NIR [34]
LST Single Channel (SC) algorithm [35]

Land cover and imperviousness maps of the selected cities were obtained from NLCD in 2016.
Land cover maps of the urban areas based on this dataset included classes of “Developed, Open Space”,
“Developed, Low Intensity”, “Developed, Medium Intensity”, and “Developed, High Intensity”.
The percentage urban impervious surface was resolved in 1% increments from 0 to 100 for areas

identified as urban, in the land cover layer of the database.

3.2.2. Remotely Sensed Urban Surface Ecological Index (RSUSEI)

In this study, RSUSEI was developed to assess the USES. Urban surfaces were assumed to consist
of three fractions of impervious, vegetation, and soil covers. Based on the V-I-S model, the percentage
of each of these surface covers in a pixel indicated the difference in the surface characteristics of
different urban land cover/uses (Figure 3). This model assumes that land cover in urban environments
is a linear combination of three components [23]. Therefore, to model accurately the USES and to assess
the SES of different land covers in urban environments, it is important to consider the biophysical
characteristics related to the fractions of impervious, vegetation, and soil cover.
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Figure 3. The Vegetation-Impervious surface-Soil model for remote sensing of urban environments [23].

Surface greenness, dryness, moisture, heat, and imperviousness are the biophysical characteristics
that were utilized to describe these component surfaces and are integrated for analysis of USES. It can
be represented as Equation (1):

USES = f(Greenness, Dryness, Moisture, Heat, Imperviousness) )

However, these environmental and surface biophysical parameters may be correlated with each
other in a region. The use of PCA can be very useful to solve the collinearity between the predictive
variables in the model of USES. To reduce the effect of climatic and meteorological conditions on the
results of the RSUSEI, standardized values of LST (heat), NDVI (greenness), NDSI (dryness), Wetness
(moisture), and ISC (imperviousness) indices (between 0 and 1) were computed [36]. Then, the PCA
method was employed to combine the five indices for assessing the USES. Finally, the PC1 was selected
to represent USES in the urban environments. RSUSEI can then be modeled conceptually based on
Equation (2).

RSUSEI = PC1(NDVI, Wetness, LST, NDSI, ISC) 2)

RSUSEI values were normalized between 0 and 1. The maximum value was related to the worst
(highest LST, ISC, and NDSI, but lowest NDVI and Wetness) and the minimum value to the best USES
(lowest LST, ISC, and NDSI, but highest NDVI and Wetness). To analyze and evaluate the spatial
variations of USES, the normalized values of RSUSEI were grouped into five classes: Excellent (0-0.2),
Very Good (0.2-0.4), Good (0.4-0.6), Fair (0.6-0.8), and Poor (0.8-1) [4-6]. The mean and Standard
Deviation (SD) values of RSUSEI were calculated and the area of USES classes were mapped for each
city. Additionally, the Eigenvalues of the five main components of PCA for each city were calculated.

3.2.3. Association Degree of Individual Surface Characteristics to USES

To calculate and assess the association degree of each surface characteristic to USES, the mean
value of RSUSEI was calculated by the NLCD land cover class for the six selected cities. The correlation
coefficient (r) between RSUSEI and each biophysical variable, i.e., LST, NDVI, NDSI, and Wetness,
is calculated for each city. In addition, the mean RSUSEI value for different ISC percentage ranges
(1 to 100) was calculated and then the r between the mean RSUSEI values and the percentage of ISC
was calculated for each city.
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4. Results

4.1. Spatial Distribution of Surface Characteristics
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Figure 4 shows maps of surface biophysical characteristics including Normalized LST (nLST),
Normalized NDVI (nNDVI), Normalized NDSI (nNDSI), and Normalized Wetness (nWetness) in the
selected cities. The spatial pattern was heterogeneous. A large proportion of the central parts of
all these selected cities included developed lands (ISC > 50%). The suburbs of Minneapolis, Dallas,
Chicago, and Seattle included land covers with a high percentage of vegetation cover, while in Phoenix
and Los Angeles there were bare lands with dry surfaces. In all cities, the values of nLST and nNDSI
in the central parts of the cities were higher than the other parts, while nNDVI values were lower.
In addition, the spatial distribution of ISC values in these cities was heterogeneous. Areas with
developed and nature lands had the highest and lowest values of ISC, respectively.
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Figure 4. nLST, nNDVI, nNDSI, and nWetness maps of selected cities in the U.S.A.
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The mean and SD values of nLST, nNDVI, nNDSI, nWetness, and nISC in the selected cities were
different. The difference in the mean values of these spectral indices indicated the difference in the
surface biophysical characteristics of these cities. High SD values of these spectral indices indicated a
higher degree of spatial variability of the surface biophysical characteristics. The correlation coefficient
(r) between the mean values of nLST and nNDVI, nNDSI, nWetness, and nISC for these cities were
—-0.92,0.95, —0.22, and 0.88, respectively, which indicated a strong correlation between different surface
biophysical characteristics, except Wetness. The statistical significance of these correlations were
confirmed at 95% confidence level. Cities with high mean values of nLST and nNDSI tended to have
low mean values of nNDVI and vice versa (Table 3). By reducing surface vegetation, the amount of
evapotranspiration from the surface decreased, leading to an increase in surface heat and dryness.
In addition, a higher value of ISC caused an increase in the value of LST (heat) and NDSI (dryness)
and a decrease in the value of NDVI (greenness) and Wetness (moisture).

Table 3. Mean (Standard deviation) values of nLST, nNDVI, nNDSI, nWetness, and nISC in the selected

cities in the U.S.A.

Cities nLST nNDVI nNDSI nWetness nISC
Minneapolis 0.39 (0.16) 0.66 (0.19) 0.41 (0.16) 0.75 (0.11) 0.36 (0.27)
Dallas 0.54 (0.14) 0.56 (0.19) 0.49 (0.15) 0.55 (0.11) 0.41 (0.28)
Phoenix 0.65 (0.13) 0.25 (0.16) 0.64 (0.09) 0.79 (0.04) 0.53 (0.11)
Los Angeles 0.63 (0.12) 0.29 (0.17) 0.59 (0.13) 0.69 (0.12) 0.52 (0.26)
Chicago 0.42 (0.16) 0.56 (0.23) 0.42 (0.14) 0.65 (0.08) 0.43 (0.25)
Seattle 0.46 (0.14) 0.58 (0.22) 0.50 (0.17) 0.58 (0.12) 0.37 (0.25)

The spatial distribution of surface biophysical characteristic differences can be caused by the
differences in the spatial variability of land covers [19,37-40]. Table 4 shows that surface biophysical
characteristics including nLST, nNDVI, nNDSI, nWetness, and nISC were different for each land cover.
Anthropogenic activities reduce natural surface covers and affect surface characteristics including
surface reflection, change in the material’s thermal capacity, conductivity, diffusion, albedo, and
evapotranspiration [19,37,41-43]. For the selected cities, the highest (lowest) mean values of nLST,
nNDSI, and nISC and the lowest (highest) values of nNDVI and nWetness were related to Developed,
High Intensity (Developed, Open Space). Therefore, due to the spatial variability of land covers,
the spatial variability of surface biophysical characteristics in the selected cities were different.

Table 4. Mean value of nLST, nNDVI, nNDSI, nWetness and nISC by land cover.

Land Cover Class nLST nNDVI nNDBI nWetness nISC
Developed, Open 0.42 0.62 0.42 0.68 0.06
Space
Developed, Low 0.49 0.52 0.45 0.64 0.34
Intensity
Developed, Medium 0.57 0.40 0.52 0.61 0.62
Intensity
Developed, High 0.64 0.22 0.62 0.56 0.89
Intensity

4.2. Spatial Distribution of USES

The spatial distribution of USES of the selected cities was heterogeneous (Figure 5). A visual survey
of the RSUSEI maps shows that Chicago and Los Angeles had higher RSUSEI values than Minneapolis,
Dallas, Phoenix, and Seattle. Areas with high values of RSUSEI (red color) had a lower quality of USES,
which had high heat (LST), imperviousness (ISC) dryness (NDSI), greenness (NDVI), and moisture
(Wetness) values, and vice versa. Figure 6 shows the mean value of RSUSEI for Minneapolis, Dallas,
Phoenix, Los Angeles, Chicago, and Seattle to be 0.58, 0.54, 0.47, 0.63, 0.50, and 0.44, respectively.
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The difference in the mean value of RSUSEI between the cities indicated a significant difference in their
USES. The best and worst USES were Seattle and Los Angeles, respectively. The SD values of RSUSEI
for Minneapolis (0.16), Dallas (0.17), Phoenix (0.19), Los Angeles (0.21), Chicago (0.17), and Seattle
(0.19) cities were high. These values indicated the high spatial variability of the USES within each
selected city. Overall, the SD values of the different cities were very similar. The highest and lowest
spatial variations of USES were observed in Minneapolis and Seattle, respectively.
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Figure 5. Remotely Sensed Urban Surface Ecological index (RSUSEI), classified RSUSEI and NLCD
land cover maps of the selected cities in the U.S.A.
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Figure 6. Frequency of RSUSEI values of the selected US cities.

The spatial distribution of the RSUSEI classes further revealed the spatial variability of USES
across the selected cities (Figure 7). Overall, the majority of the land in the selected cities possessed
the USES class from Very Good to Fair. The highest percentage of USES class for Minneapolis, Dallas,
Phoenix, Chicago, and Seattle cities was Good and for Los Angeles city was Fair. The Poor class of
USES had better spatial coverage of 5% to 14%, compared to that of the Excellent class from 1% to
6%. In addition, the highest percentage of Excellent, Very Good, Good, Fair, and Poor classes of USES
was observed in Los Angeles, Seattle, Chicago, Minneapolis, and Los Angeles, respectively (Figure 7).
The spatial heterogeneity of surface biophysical characteristics and anthropogenic activities caused
differences in USES among the cities and within each city.

50

40 4

30 A

Area (%)

20 A

Excellent Very good Good Fair Poor

) ) ~ USES Classes )
®m Minneapolis  ®mDallas = Phoenix Los Angeles  mChicago  m Seattle

Figure 7. Area of USES classes of selected cities in the U.S.A. (%).

It is worth noting that the Eigenvalues of the PC1 in RSUSEI modeling for the Minneapolis, Dallas,
Phoenix, Los Angeles, Chicago, and Seattle cities were 0.33, 0.34, 0.40, 0.39, 0.29, and 0.37, respectively.
For all selected cities, PC1 included more than 93% of the main surface information including greenness,
moisture, dryness, heat, and imperviousness. Therefore, using PC1 in RSUSEI can well represent the
spatial heterogeneity is the USES.
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4.3. Association Degree of Surface Biophysical Parameters on the USES Modeling

The mean value of RSUSEI varied across different land covers in the selected cities (Table 5).
The mean values of RSUSEI in “Developed, Open Space”, “Developed, Low Intensity”, “Developed,
Medium Intensity”, and “Developed, High Intensity” lands were 0.35, 0.49, 0.63, and 0.76, respectively
(Table 6). In general, “Developed, high intensity” and “Developed, Open Space” lands detected the
highest and lowest RSUSEI values in these cities, respectively. This result suggests the effectiveness of

RSUSEI to separate USES by land cover.

Table 5. The mean RSUSEI of land cover classes of selected cities in the U.S.A.

Land Cover Class Minneapolis Dallas Phoenix Los Angeles  Chicago Seattle Mean
Developed, Open Space 0.40 0.35 0.37 0.38 0.34 0.32 0.35
Developed, Low Intensity 0.58 0.51 0.47 0.45 0.45 0.48 0.49
Developed, Medium Intensity 0.63 0.65 0.64 0.59 0.64 0.64 0.63
Developed, High Intensity 0.65 0.76 0.80 0.85 0.76 0.76 0.76

Table 6. Correlation coefficient between RSUSEI and nLST, nNDVI, nNDSI, and nWetness.

City nLST nNDVI nNDSI nWetness ISC
Minneapolis 0.41 —-0.24 0.3 -0.34 0.90
Dallas 04 -0.21 0.06 -0.24 0.99
Phoenix 0.32 -0.27 0.31 -0.56 0.99
Los Angeles 0.59 -0.52 0.01 -0.4 0.99
Chicago 0.53 -0.28 0.21 —-0.045 0.98
Seattle 0.57 -0.39 0.14 -0.09 0.98
Mean 0.47 -0.31 0.17 -0.27 0.97

Areas with high surface heat (LST), imperviousness (ISC), dryness (NDSI), low surface vegetation
density (NDVI), and moisture (Wetness) exhibited poor USES. The locations of these areas corresponded
to “Developed, High Intensity” lands (Figure 5). By contrast, “Developed, Open Space” lands possessed
the best USES (Table 4), which discovered low values of LST and NDSI and high values of NDVI and
Wetness. Mixed pixels in warm and dry cities tended to include built-up lands and lands with low
vegetation cover and low moisture content. Due to the high values of RSUSEI for lands with low
vegetation density and low moisture content, these cities discovered poor USES. On the other hand,
mixed pixels in humid cities were associated with high vegetation density and surface moisture. Since
there were low values of RSUSEI for lands with high vegetation density and high surface moisture,
these cities experienced poor USES. These findings suggest that RSUSEI holds an excellent ability to
differentiate between USES of different land covers (Figure 4 and Table 5).

The association degree of nLST, nNDVI, nNDSI, and nWetness in RSUSEI in the selected cities
varied. The mean r between nLST, nNDVI, nNDSI, and nWetness and RSUSEI was 0.47, —0.31, 0.17,
and —0.27, respectively (Table 6). The statistical significance of these correlations were confirmed at
95% confidence level. In modeling the USES, the association degree of nLST was found to be higher
than nNDVI, nNDSI, and nWetness. For the RSUSEI modeling in Los Angeles, Chicago, and Seattle
cities, the association degree of nNDVI appeared higher than nNDSI and nWetness. In contrast, in
Minneapolis and Dallas, the association degree of nWetness was higher than nNDVI and nNDSI.

The correlation coefficient between the mean value of RSUSEI and the mean value of NLCD
imperviousness percentage was 0.93 for all cities, but it varied within cities. Minneapolis, Dallas,
Phoenix, Los Angeles, Chicago, and Seattle yielded an r value of 0.90, 0.99, 0.99, 0.99, 0.98, and
0.98, respectively (Table 6). The statistical significance of these correlations are confirmed at 95%
confidence level. These values indicated a positive strong correlation between ISC and RSUSEI
The spatial variation patterns of RSUSEI and NLCD imperviousness were similar to each other
(Figure 5). The RSUSEI value increased with increasing the percentage of impervious surface. In the
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USES modeling, the association degree of ISC was highest among all the surface parameters used in
this study.

5. Discussion

The SES in urban environments is a function of the surface biophysical, biochemical, and biological
properties. Recent studies have used the data of surface greenness, moisture, dryness, and heat
for SES modeling [4,6,7]. However, many processes in the urban environments are subject to the
impact of surface imperviousness [23,44—46]. ISC has a clear physical meaning in land surface
composition, suitable for distinguishing the characteristics of different types of land use and land
cover in the urban environments, and is associated with changes in the characteristics of surface
greenness, moisture, dryness, and heat [19,20,22,45]. This study shows that the association degree of
imperviousness is higher than surface heat, greenness, dryness, and moisture. Therefore, considering
surface imperviousness information in USES modeling is very necessary. Other studies have also
shown that surface imperviousness affected the SES [4,47,48]. For many cities around the world,
surface imperviousness data are available with functional spatial resolution for urban modeling. In this
study, five components including surface greenness, moisture, dryness, heat, and imperviousness are
considered for RSUSEI development. Results showed that RSUSEI is highly capable in the modeling
of the USES spatial heterogeneity in cities with different geographical, climatic, environmental, and
biophysical conditions. This index has a high capacity to differentiate between USES of different
land covers. Assessment and modeling of USES are crucial in sustainability assessment in support
of achieving sustainable development goals such as sustainable cities and communities [8]. Hence,
RSUSEI can be used for assessing urban sustainability over space and time.

6. Conclusions

In this study, an analytical framework is proposed for assessing the SES in urban environments
and tested in six selected cities in the U.S.A, i.e., Minneapolis, Dallas, Phoenix, Los Angeles, Chicago,
and Seattle. This analytical framework is centered on a new index, Remotely Sensed Urban Surface
Ecological index (RSUSEI), which integrated satellite derived information on the greenness, moisture,
dryness, heat, and imperviousness in a city. The results showed that the spatial distribution of USES
varied with the cities and land cover types. In general, land covers with low vegetation density
and moisture, and high heat, imperviousness, and dryness exhibit high RSUSEI values and poor
USES, and vice versa. The USES in arid regions, such as Los Angeles, are found to be worse than the
USES in humid regions, such as Seattle. The association degree of ISC is higher than nLST, nNDVI,
nNDS], and nWetness in the RSUSEI modeling. An increase in surface imperviousness reduces surface
vegetation density and moisture while increasing surface dryness and heat degree, thereby worsening
USES. Our results show that RSUSEI has a high capability in revealing the differences in USES within
and between cities with different geographical, climatic, environmental, and surface conditions. Due
to the functional spatial resolution and continuity of Landsat imagery, the results of this study can
be very useful in USES modeling in urban environments with different biophysical, geographical,
and climatic conditions. In addition, the availability of NLCD data products in the U.S.A is highly
beneficial for USES assessment, monitoring, and modeling. RSUSEI can be used for assessing urban
sustainability over space and time. It is suggested that in future studies, the efficiency of disaggregation
models in improving the spatial resolution of USES maps should be considered. It is also useful to
compare the performance of different spectral indices in surface imperviousness modeling to assess
USES. In addition, RSUSEI can be used as a time series to monitor and model the long-term changes in
a region and to quantify the impact of anthropogenic activities on USES.
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