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Abstract: The horizontal two-dimensional (2D) urban land use approach is not sufficient to trace
rapid changes in urban environment. Hence, a three-dimensional (3D) approach that is different from
the traditional geographical method is necessary to understand the mechanism of compound urban
diversity. Using remote sensing data captured in 2010/2011 and geospatial tools and techniques,
we quantified the urban volume (UV, consisting of urban built volume (UBV) and urban green
volume (UGV)) and retrieved and mapped the land surface temperature (LST) of two cities in Japan
(Tsukuba, a planned city, and Tsuchiura, a traditional city). We compared these two cities in terms of
(1) UBV and UGV and their relationships with mean LST; and (2) the relationship of the UGV-UBV
ratio with mean LST. Tsukuba had a total UBV of 74 million m3, while Tsuchiura had a total of
89 million m3. In terms of UGV, Tsukuba had a total of 52 million m3, while Tsuchiura had a total of
29 million m3. In both cities, UBV had a positive relationship with mean LST (Tsukuba: R? = 0.31,
p < 0.001; Tsuchiura: R? = 0.42, p < 0.001), and UGV had a negative relationship with mean LST
(Tsukuba: R? =0.53, p < 0.001; Tsuchiura: R%=0.19, p < 0.001). Tsukuba also had a higher UGV-UBV
ratio of 54.9% in comparison with Tsuchiura, with 28.7%. Overall, the results indicate that mean
LST was more intense in the traditional city (Tsuchiura). This could have been due to the difference
in urban spatial structure. As a planned city, Tsukuba is still a relatively young city that has more
dispersed green spaces and a well-spread (so far) built-up area.

Keywords: LST; urban built volume; urban green volume; Tsuchiura; Tsukuba

1. Introduction

Knowledge of urban diversity, such as urban intensity and the spatial pattern of urban land
use, is important in the context of urban morphology, geography, ecology, and sustainability [1,2].
A rapid change in the urban environment leads to changes in urban intensity as existing urban fabric
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is used [1]. Hence, it is difficult to capture this rapid development using traditional geographical
analysis, such as horizontal two-dimensional (2D) urban growth [1]. Thus, three-dimensional (3D)
analysis is increasingly becoming vital to capture the complex urban morphological changes [1].

The rapid development of geographic information systems (GIS), remote-sensing technologies,
and increasing accessibility to earth observational geospatial data has facilitated and encouraged urban
volume (UV) estimation in the applied earth observation research field [1,3]. The UV can be defined
as the urban area’s volume based on built-up features, such as high-rise office buildings, commercial
buildings, and mansions [1], and is used to quantify and visualize the urban expansion process [4].
UV consists of (1) urban built-up volume (UBV) and (2) urban green volume (UGV) [3]. UBV can
be used to estimate the intensity of urban land use and aid in quantifying urban morphological
dynamics [1,2,4]. In contrast, UGV estimation is increasingly becoming popular in urban ecosystem
research to evaluate urban green spaces [3,5]. Recently, the use of airborne light detection and ranging
(LiDAR) data has become popular in volumetric studies [6,7].

Several previous studies have used LiDAR data to capture volume-based estimation [5,7-11].
However, the availability of LIDAR is limited to different urban landscapes [2—4]. Thus, the use of
medium-resolution remote-sensing data is increasingly becoming important in capturing UBV and
UGV [2-4]. The recently released Advanced Land Observing Satellite panchromatic remote-sensing
instrument for stereo mapping digital surface model (ALOS PRISM DSM) provides a better opportunity
for urban geographers to examine the 3D view of the world without depending on LiDAR data [3].
Thus, this study attempted to use ALOS PRISM data to estimate the UBV and UGV of both planned
and traditional cities in Japan.

The planned city aims to create a modern society in its image [12] and is generally planned for the
specific purpose of promoting urban development. However, traditional cities were developed with
the most intensive part of urban activities [13]. Cervero [14] described the planned city as coping with
decentralization. It can be understood that urban development has multi-cores, rather than a single
center. In contrast, the traditional city is developed based on centralization. Surely, more urban green
spaces can be designed in a planned city in comparison to the limited spaces usually available in
a traditional city.

Previous studies have especially focused on land surface temperature (LST) in traditionally
developed cities [15,16], where the LST profiles showed that the city center recorded high temperatures
and the city periphery recorded low temperatures [17,18]. Most vegetated areas have been converted
to built-up areas due to the unplanned urban development of traditionally developed cities [19].
As a result, traditionally developed cities are becoming more vulnerable to the adverse effect of
increasing the LST [15]. Most studies have shown that an urban greening concept would help to
overcome the advanced effects of increasing the LST in traditionally developed cities [17,20,21].

Modern cities (planned cities) have been developed based on proper urban planning
concepts. During the city planning process, green areas are considered as the main part of urban
development [22]. Most studies related to modern cities have shown that urban green areas play
an important role in reducing the LST, particularly inside the city area, by providing cooling [23,24].
Urban green spaces provide cooling to minimize the LST via shading and evaporation [25,26]. Scattered
urban development provides a lower temperature than that of high-density urban areas, which have
more impervious surfaces and fewer green areas [27]. All of these studies have influenced the
introduction of proper mitigation measures to decrease the LST effect. A comparative study of planned
and traditionally developed cities will provide a further understanding of the LST distribution.

Previous attempts have mostly been performed based on a 2D extent to determine the relationship
between green and impervious surfaces using mean LST [28,29]. However, LST studies based on a 3D
extent and comparative studies between planned and traditional cities are still lacking. The changing
LST dynamics of cities have been directly affected by the landscape composition [17].

The Japanese urbanization pattern shows that the city center is declining and more periphery
areas are developing due to the rapid development of transportation systems and the decentralization
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policies of the local government [30]. The urban temperature of Japanese cities has risen by more
than 3 °C per century [31] and shows that temperature changes are gradually intensifying in urban
areas [31]. Increasing LST is regarded as an important factor for future urban planning challenges.
Therefore, a comparative study of planned and traditional cities will help to identify the influence of
the landscape in controlling the LST pattern.

Hence, in the present study, attempts were made to (1) extract the UBV and UGV, (2) identify the
relationship between the UBV and the UGV and mean LST, and (3) calculate the UGV-UBYV ratio along
the urban-rural gradient in planned and traditional cities in Japan. The study hypothesis was that the
spatial pattern of the UBV and UGV in planned and traditionally developed cities could influence the
increase in the LST. The findings of this study can be useful in identifying the effects of the landscape
composition of planned and traditional cities on the LST distribution.

2. Materials and Methods

2.1. Study Areas: Tsukuba and Tsuchiura, Japan

The study area was selected by considering several factors, such as urban spatial structure,
the distribution of urban green space, the history of the city, transportation network, and recent
development pattern. The population of Tsukuba city showed an increasing trend from 1995 to 2015.
In 1995, the total population was recorded at 182,327, and it increased up to 226,963 in 2015. In contrast,
the population of Tsuchiura showed a declining trend of population. In 1995, the total population of
Tsuchiura was recorded at 141,862 and declined up to 140,804 in 2015 [32].

The study areas consist of the landscape within a 2.5-km radius from the city center (Figure 1).
In this study, we excluded the Kasumigaura Lake areas from the analysis of Tsuchiura City, which
meant that the total land area was 19.6 km? in Tsukuba and 16.6 km? in Tsuchiura, respectively.
Tsukuba and Tsuchiura are in the Ibaraki Prefecture, northeast of Tokyo [22]. Tsukuba lies between
35°59'42” and 36°14'2” N latitude and 140°0'2” and 140°10'39” E longitude. Tsuchiura is east of
Tsukuba and lies between 36°0'19” and 36°10'18” N latitude and 140°7'23” and 140°16’57” E longitude
(Figure 1).

Tsukuba is well-known as a science city of Japan, which was converted to a modern city [22] based
on a proper planning concept after 1960. Over the last few decades, Tsukuba has rapidly developed,
and this has helped to increase the local population and its attraction for residents [22]. Therefore,
this city was well-planned and developed to enhance science by establishing research institutes at the
educational and national level [22]. The railway line, the Tsukuba Express, was established in 2005 to
enhance the high-quality transportation network and accessibility to Tokyo, which has affected the
rapid development of the city over the past few years.

In contrast, Tsuchiura has had a traditional development pattern. Tsuchiura has grown over time
and can be dated back to the Paleolithic era. Hence, the Tsuchiura landscape pattern is a traditional
urbanization pattern [30]. Human settlement of Tsuchiura dates to the Japanese Paleolithic period of
hunter—gatherer societies centered at the coastal area near Kasumigaura Lake. Tsuchiura has more
urban development areas near the central business district (CBD) due to the rapid growth of the city
based on a traditional urban development concept [30].
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Figure 1. Location map of the study areas. (a) Japan; (b) Ibaraki Prefecture; (c) Tsukuba; (d) Tsuchiura
(Landsat 5 thematic mapper (TM ) false-color composite bands 4, 3, 2); (e) Tsukuba city center; and
(f) Tsuchiura city center based on Google Earth images (420 m x 420 m; 8 May 2010).

2.2. Data and Preprocessing

In this study, Landsat images acquired during the autumn on 11 October 2010, (Landsat 5 TM)
with a spatial resolution of 30 m were used [33]. The selected satellite images were geo-referenced to
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the WGS84/UTM 54 N projection systems. The selected images underwent radiometric calibration
and atmospheric correction (dark-object subtraction) using the TerrSet software. During this process,
the digital number (DN) values of the multispectral bands were converted into surface reflectance
values, while the DN values of the thermal band were converted into at-satellite brightness temperature
(TB) expressed in degrees Kelvin (K) [21]. The corrected images were used to extract the land use/land
cover and the LST in both cities.

The ALOS PRISM DSM, with a spatial resolution of 5 m obtained on 23 February 2011 from
the Japan Aerospace Exploration Agency (JAXA), Japan, was used in this study (Figure 2a,b) [2,3].
The digital surface model (DSM) was geometrically corrected using the WGS84/UTM 54 N projection
systems. The DSM value ranged from 30 m to 156 m in Tsukuba and from —4 m to 116 m in Tsuchiura.

2.3. Digital Terrain Model (DTM) and Surface Feature Height (SFH) Derivation

The ALOS PRISM DSM is acquired by orthorectified images (ORIs) on a global scale using the
ellipsoid of the Geodetic Reference System 1980 (GRS 80) through the 1997 International Terrestrial
Reference Frame (ITRF 97) as a reference for the elevation determination [34,35]. Concerning the same
reference in the elevation generation, the digital terrain model (DTM) generation using a grid-based
method was adopted. Herein, the DTM represented the topographic surface using the ellipsoid model
as the reference. Thus, the advantage of a single elevation reference was addressed to estimate a feature
height, which was measured from the topographic surface to the top of the feature.

The grid-based method was initially proposed by Estoque et al. [2] and used in DTM derivation.
The DSM was used to produce the DTM using this method. There are two main steps in generating
a DTM from the DSM as follows: (1) sample point generation using the DSM and (2) spatial
interpolation [2,4]. The idea is to identify and locate a point or points with the lowest DSM value within
the selected grid [3] at different sizes, such as 100, 200, 300, and 400 m. The elevation of those points
was examined as the ground surface and used to derive the DTM by using the empirical Bayesian
Kriging surface interpolation method [3,4,36].

The ALOS PRISM DSM is suitable for extracting the surface feature height (SFH) in low-density
cities, which were compared with high-density cities [3].

SFH was generated using Equation (1) as follows [2,4]:

SFH, = DSM,DTM,, 1)

where SFH, DSM, and DTM are the surface feature height (m), digital surface model (m), and digital
terrain model (m), respectively, of pixel p, and where pixel p is a member of the feature class. Previous
studies have shown that the use of a 200 m grid size achieved the lowest root-mean-square error
(RMSE) to generate the DTM [3,4]. The SFH generated by using a 200 m grid size achieved the lowest
RMSE by using field survey measurements of 30 buildings [4]. Therefore, the generated 5 m spatial
resolution DTM and SFH were used in this study. A validation process was conducted to assess the
accuracy of the extracted SFH of both cities. A total of 55 buildings were used to validate the SFH.

2.4. Land Use/Land Cover Classification

The spectral index-based method was used to classify satellite images of the study area in four
categories: built-up surface, green surface, water surface, and other (Table 1). Several steps were
followed to extract the land use/land cover categories.

First, a modified normalized difference water index (MNDWI, Equation (2)) [17,37,38] was used
to extract waterbodies from the satellite images (Table 1). Water bodies were separated by applying
Otsu’s optimal thresholding method as follows [39,40]:

(Green — SWIR1)

MNDWI =
(Green + SWIR1)

@
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where Green = Band 2 (for Landsat TM) and SWIR1 = Band 5 (for Landsat TM) [37].

Second, the built-up area was extracted using a visible red and near-infrared (NIR)-based built-up
index (VrNIR-BI) based on Equation (3) [41]. Previous researchers have successfully used this index
to extract built-up areas, as it is superior to other built-up indices, such as the urban index (UI) and
normalized difference built-up index (NDBI) [17,41]. Water area was removed from the VrNIR-BI map
before the built-up area was extracted; then, the threshold value was manually calibrated. Google
Earth images were used to examine the threshold value in the VrNIR-BI map. Several threshold values
were manually calibrated, and finally, a VrNIR-BI value of —0.2 was selected as a threshold value

(Table 1).
(RED — NIR)

(RED + NIR)

where RED = Band 3 (for Landsat TM) and NIR = Band 4 (for Landsat TM) [41].

Prior to the green extraction, the water area and built-up area were masked from the normalized
difference vegetation index (NDVI) map. Then, the threshold value was manually calibrated using
Google Earth, and finally, a NDVI value of 0.495 was used to demarcate the green areas (Table 1).
A pixel value of less than 0.495 was classified as “other” land use in the study area (Table 1). Finally,
three land use categories, namely built-up, green space, and other, were combined to create the land
use and land cover map for each city.

VrNIR — BI = 3)

(NIR — RED)
NDVI = -——————= 4
(NIR + RED) @
where NIR = Band 4 (for Landsat TM) and RED = Band 3 (for Landsat TM) [42].
Table 1. Land use/land cover categories in Tsukuba and Tsuchiura.
Category Index Thresholding Method Description
Modified normalized Otsu’ timal bi
Water difference water index tsl?r js?’t}z)lldnilr? [;r;:]iry All water bodies
(MNDWI, Equation (2)) &l
Visible red and
near-infrared
Built-up (NIR)-based built-up Manual (Built > —0.2) All built-up surfaces
index (VrNIR-BI,
Equation (3))
Normalized difference
Green space vegetation index (NDVI)  Manual (Green > 0.495) All green surface
(Equation (4))
Other (cropland, Normalized difference All land areas excluding
grassland, bare land, vegetation index (NDVI)  Manual (Other < 0.495) built-up, green surface,
rivers, etc.) (Equation (4)) and water

2.5. Built-Up and Green Volume Calculation

The built-up and green areas were extracted with an original spatial resolution of 30 m using the
spectral index-based method described in Section 2.4. The built-up and green areas were resampled to
5 m to maintain consistency with the same pixels of the ALOS PRISM DSM (Figure 2a,b) using the
nearest neighbor algorithm [2].

After extracting the SFH (Section 2.4), the UBV and UGV were estimated using Equations (5) and
(6) as follows [2,4]:

UBVq = PAq x SFHq ®)
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where UBV, PA, and SFH are the urban built-up volume (m?3/pixel), pixel area (25 m?), and surface
feature height (m) respectively, of pixel q, and pixel q is a member of the built-up class.

UGV, = PA, x SFH, (6)

where UGV, PA, and SFH are the urban green volume (m?/pixel), pixel area (25 m?), and surface
feature height (m), respectively, of pixel r, and pixel r is a member of the green space class.

2.6. LST Retrieval and Magnitude of Mean LST

The standard method used to extract the LST from raw Landsat datasets requires the conversion
of the DN values of the thermal band into radiance values, which are then used to derive at-satellite
TBs [43,44]. In this study, we used the preprocessed thermal bands containing at-satellite TBs expressed
in degrees Kelvin. To retrieve the LST values, the at-satellite TBs need to be scaled using land surface
emissivity values [45]. Here, the NDVI method [45] was used to derive the land surface emissivity
values. After creating the emissivity images, the emissivity-corrected LST values were extracted as
follows (Equation (7)):

LST = TB/1+ (A x TB/p)lne )

where TB = the Landsat TM Band 6 at-satellite brightness temperature in degrees Kelvin; A = the
wavelength of the emitted radiance (A = 11.5 uM for Landsat TM Band 6 [46], A = 10.8 uM for
Landsat thermal infrared sensor (TIRS )Band 10 [17]); p = h x ¢/o (1.438 x 1072 m K); o = the
Boltzmann constant (1.38 x 1072% J/K); h = Planck’s constant (6.626 x 1073 s); c = the velocity of
light (2.998 x 108 m/s); and ¢ is the land surface emissivity estimated using the NDVI method [45].
We later converted the retrieved the LST values from degrees Kelvin to degrees Celsius (°C) [15].

The mean LST difference was calculated by considering the major land use categories, mainly
built-up, green, and other [21]. The calculation of mean LST difference is simple and can be completed
in only a few steps. First, mean LST was extracted based on the land use/land cover categories derived
in Section 2.4. Following this, the temperature difference between the land use/land cover categories
were calculated [21]. Here, built-up, green, and other were used as the land use/land cover categories.
These land use/land cover categories have been previously used to identify mean LST changes by
many scholars [17,21,47].

2.7. Urban Spatial Structure with Mean LST

The relationships between the urban spatial structure (UBV and UGV) and mean LST of the two
cities were investigated by using two methods: (i) the grid-based method and (ii) the urban—rural
gradient analysis, respectively.

The grid-based method was used as the preliminary analysis to identify the spatial distribution of
the UBV, UGV, and mean LST and its relationship in both cities. The distance from the city center was
not included in the grid-based method. This study focused on 7 x 7 pixels of mesh size (210 x 210 m)
to determine the relationship of the total UGV and UBV with mean LST. Previous studies have
shown that the highest correlation was recorded between mean LST and green and built-up density in
7 x 7 pixels of mesh size (210 x 210 m), because the correlation did not increase after passing through
this mesh size [17,47]. Thus, 210 m x 210 m of grid-based analysis was used to examine the influence
of the UBV and UGV on mean LST in Tsukuba and Tsuchiura. After the set of the grid had been
created, mean LST and total UBV and UGV were calculated. The grid not fully covered in the study
area was eliminated during this analysis [17]. Moreover, details of the urban spatial structure were
considered based on the distance from the city center by using the urban-rural gradient analysis in
both cities.

Urban-rural gradient analysis has been used to analyze the spatial variation of an environmental
variable at a certain distance [17,19,48,49]. This analysis was used to identify the spatial distribution of
the UBV, UGV, and mean LST along the urban-rural gradient of Tsukuba and Tsuchiura. Multiple ring
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buffer zones of 210 m were created from the city center throughout the study area. Thereafter, total
UGV, total UBV, and mean LST were extracted by applying the zonal statistics function in ArcGIS.

The urban green volume to built-up volume (UGV-UBV) ratio along the urban-rural gradient
was calculated to identify the relationship with mean LST in both cities. This was calculated by using
the total UGV and UBYV of the two cities based on Equation (8) as follows:

UGV-UBV ratio = (Eggj) * 100 8)

where UGV and UBV are the total urban green volume and urban built-up volume (thousand m? /pixel),
respectively, and zone z is the buffer zone (1-11 zone), which had an interval of 210 m.

A UGV-UBV ratio value of greater than 100 indicates that a particular buffer zone has a higher
total UGV than total UBV, and a ratio value of less than 100 shows that a particular buffer zone has
a higher total UBV than total UGV.

A bivariate correlation and scatter plots were used to identify the relationship between mean LST
and UBV and UGV in the grid-based analysis. In addition, both statistical analyses were also applied
to determine the relationship between UGV-UBYV ratio and mean LST along the urban-rural gradient.

3. Results

3.1. DTM and SFH in Tsukuba and Tsuchiura

A RMSE of 3.28 m was recorded during the interpolation process. The DTM value ranged from
30.3 m to 69.9 m in Tsukuba and from —3.5 m to 70.9 m in Tsuchiura (Figure 2). Previous research
has proven that a larger mesh size produces the actual DTM value rather than the value produced
by a smaller mesh size [2,4]. The spatial resolution of ALOS PRISM DSM 5 m was unable to capture
ground features less than 25 m? (playground, less than 5 m wide road, etc.) [4].

A SFH map of both cities with a spatial resolution of 5 m was produced by the subtraction of
the DTM from the DSM. The extracted SFH had a value ranging from —11.6 to 93.9 m in Tsukuba
and from —10.1 to 73.5 m in Tsuchiura (Figure 2). The negative value was recorded when the DSM
was lower than the DTM. The DSM should be greater than or equal to the DTM. Hence, a negative
value can be considered as an error. However, the negative value accounted for 0.14% (Tsukuba) and
0.09% (Tsuchiura) of the total pixels. Validation of the SFH was conducted and showed that a RMSE of
6.8 m was achieved. The coefficient of determination (R?) value between the observed and predicted
height was 0.78. Previous studies have achieved a RMSE of 7 m [3], and this was the lowest RMSE
value recorded in a comparison with other cities, such as Tokyo, Beijing, Shanghai, Surabaya, and
Lusaka [3,4].

3.2. Land Use/Land Cover and LST Pattern in Tsukuba and Tsuchiura

Figure 3a,b and Table 2 show the land use/land cover map of Tsukuba and Tsuchiura, respectively.
Tsuchiura had a higher percentage of built-up area in comparison to Tsukuba. Tsuchiura had a built-up
portion of 39.6%, while that of Tsukuba was 27.4%. In Tsuchiura, most of the built-up areas were
concentrated in the city core, while in Tsukuba, the built-up areas were scattered.

Table 2. Land use/land cover percentage area in Tsukuba and Tsuchiura.

Land Use/Land Cover Categories Tsukuba (%) Tsuchiura (%)
Built-up 274 39.6
Green 19.8 11.2
Other (cropland, grassland, bare land, rivers, etc.) 52.8 49.2

Total 100 100
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Tsukuba had more green areas than Tsuchiura during this study period. Tsukuba had a high
green percentage of 19.8%, while that of Tsuchiura was only 11.2%. The green areas of Tsukuba were
scattered throughout the whole city when compared with those of Tsuchiura. The Tsuchiura green
areas were distributed away from the city center. The green areas in Tsukuba were largely distributed
in the northern and northeastern part of the city, and the green areas in Tsuchiura were in the southern
and southwestern part of the city.

(b) (d)

s g .
DSM (m) - DTM (m)
Bl <o [ J70-80 Bl <5 [ |s0-s5 SFH (m) % City center
[ s0-60 [ 80-90 Bl 3540 [ s5-60 [J<10 [N 20-25
[ Jeo-70 [ > 90 [ «0-45 [ 60-65 [ 110-15 M > 25
,X [ Jes-s0 [ >es [ 1s-20
0 1 2 4km

I + " o n
F + + + +

i N

Figure 2. Advanced Land Observing Satellite panchromatic remote-sensing instrument for stereo
mapping digital surface model (ALOS PRISM DSM), digital terrain model (DTM), and surface feature
height (SFH) maps of Tsukuba and Tsuchiura: (a) digital surface model (DSM) map of Tsukuba;
(b) DSM map of Tsuchiura; (c) DTM map of Tsukuba; (d) DTM map of Tsuchiura; (e) SFH map of
Tsukuba; and (f) SFH map of Tsuchiura.

3.3. Estimated UBV and UGV in Tsukuba and Tsuchiura

Figure 4 presents the actual number of the UBV and UGV in m3/pixel corresponding to the 5 m
spatial resolution of the DSM. The highest UBV volume was 1658.9 m3/pixel (Figure 4). The total
UBV of Tsukuba was approximately 74 million m3. The highest UBV volume of Tsuchiura was
1299.4 m3/pixel. The highest UBV in Tsuchiura was lower than that of Tsukuba. However, the total
UBV of Tsuchiura was higher than that of Tsukuba. The total UBV of Tsuchiura was approximately
89 million m3. The UBVs of Tsukuba were scattered, while the built-up areas of Tsuchiura were
centered in the city core area. The UBV of Tsukuba was located mostly in the northern, western, and
southern parts of the city. In Tsuchiura, more UBV was seen in the northern and western directions of
the city. Therefore, urban development policy has been affected by these conditions.

The highest UGV volume was 1144.3 m®/pixel and 1074.1 m3/pixel for Tsukuba and Tsuchiura,
respectively (Figure 4). The total UGV of the Tsukuba was higher than that of Tsuchiura. The total UGVs



Sustainability 2018, 10, 2366 10 0f 17

of Tsukuba and that of Tsuchiura were approximately 52 million m® and 29 million m3, respectively.
In the UGV distribution, Tsukuba showed a more scattered pattern than Tsuchiura. Dense UGV of
Tsukuba was located in a northern and eastern part of the city, while dense UGV of Tsuchiura was
located in the southern part. During the planning process in Tsukuba, the maintenance and control of
green areas were considered as part of the urban development [50,51].

(c)

S/ LST (C)
% 7/ S Citycenter

-
B 220-225

= L g % City center ) ) [ 225-230
(b) B suitup  (d) [ 230-235
Y WyE B Green space [ ]235-240

[J240-245
[ 245-250
. [ 25.0-255
B > 255

Figure 3. Land use/land cover and land surface temperature (LST) maps: (a) land use/land cover
map of Tsukuba; (b) land use/land cover map of Tsuchiura; (c) LST map of Tsukuba; and (d) LST map
of Tsuchiura.

3.4. LST Pattern in Tsukuba and Tsuchiura

Figure 3c,d show the LST maps of Tsukuba and Tsuchiura, respectively. In Tsukuba, the LST
ranged from 20.2 °C to 26.4 °C and had a mean value of 23.8 °C. In Tsuchiura, the LST ranged from
19.7 °C t0 26.8 °C and had a mean value of 24.1 °C. The highest LST value was identified in the built-up
areas of both cities. The lowest LST was recorded in the green space in both cities.

Table 3 shows mean LST difference between the built-up, green space, and other categories.
The mean LST was always higher in the built-up areas than in the green spaces for both cities. On the
other hand, mean LST of Tsuchiura was higher than that of Tsukuba, which also included the built-up
and green areas. The other land use showed a similar mean LST and was recorded as the second highest
mean temperature in both cities. The magnitude of mean LST showed that a higher temperature
difference could be seen in the built-up and green areas based on the cross-cover comparison in
both cities.
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Figure 4. Estimated urban built volume (UBV) and urban green volume (UGV)s (2010): (a) UBV of
Tsukuba; (b) UBV of Tsuchiura; (¢) UGV of Tsukuba; and (d) UGV of Tsuchiura (Note: The UBV
and UGV are presented as real numbers in m3/pixel corresponding to the 5 m spatial resolution of
the DSM).

Table 3. Mean LST of built-up and green space and the magnitude of mean LST (°C).

(@) Mean LST of built-up and green (°C)

Land use/land cover Tsukuba Tsuchiura  Difference (Tsuchiura — Tsukuba)
Built-up 24.5 249 0.4
Green 22.8 23.1 0.3
Other 23.8 23.7 —0.1
(b) The magnitude and mean LST (°C)
Land use/land cover (A mean LST) . Difference (Tsuchiura — Tsukuba)
(cross-cover comparison)  Tsukuba  Tsuchiura
Built-up—Green 1.7 1.8 0.1
Built-up—Others 0.8 1.1 0.3
Others—Green 1.0 0.6 —-0.4

3.5. Urban Spatial Structure with Mean LST

Figure 5 shows the relationship between the total UGV and UBV and mean LST in both cities
based on the grid-based method. The UGV had a negative relationship, and the UBV had a positive
relationship with mean LST in both cities. A strong relationship between UBV and mean LST was
recorded in Tsuchiura, while in Tsukuba, a strong relationship was recorded for UGV and mean LST.

Figure 6 shows the relationship between mean LST and the UGV-UBYV ratio along the urban-rural
gradients of Tsukuba and Tsuchiura. The UGV-UBYV ratio showed that the planned city had a higher
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percentage than that of the traditionally developed city. For the whole study area, the mean UGV-UBV
ratios of 54.9% and 28.7% were recorded for Tsukuba and Tsuchiura, respectively (Table 4).
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Figure 5. Graphical view of the 210 x 210 m polygon grid, showing (Left) the maps of mean LST, total
UBYV, and total UGV; and (Right) the scatter plots between the UBV and the UGV and mean LST in
Tsukuba and Tsuchiura.
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T
s | 245 100 o 245 y=-0.0039x + 24.115
< % R? = 0.4574
u 24.0 75 2 240 ® (X p<0.001
K c
g o
U235 50 S 235 L o
B
23.0 25 23.0
A
225 0 225 . . . ' .
021 042 0.63 084 105 1.26 147 168 189 210 231 0 25 50 75 100 125 150
Mean LST —8—UGV/UBV ratio UGV/UBV ratio (%)
255 150 255
T |20 125 250 ® y =-0.0108x + 24.608
S R?=0.6405
u |25 100 o245 o p <0.001
= e ® °
o
c 24.0 75 4 2.0 ® ®
H c
3
1 |23s 50 S 235
U
R 23.0 25 23.0
A | 225 1] 225
021 042 0.63 0.84 105 126 147 168 1.89 210 231 0 25 50 75
Mean LST =®-UGV/UBV ratio UGV/UBV ratio (%}

Figure 6. The relationship between mean LST and the UGV-UBYV ratio along the urban-rural gradients
of Tsukuba and Tsuchiura.

Table 4. UGV-UBYV ratio (%) along the urban-rural gradients of Tsukuba and Tsuchiura.

UGV-UBYV Ratio Tsukuba Tsuchiura
Minimum 4.4 0
Maximum 146.5 71.2

Average 54.9 28.7
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4. Discussion

As shown in Figure 5, the correlations between the total UGV and UBV and mean LST were
statistically significant (p < 0.001) in Tsukuba and Tsuchiura. The correlation was not high for both
cities due to the landscape composition. The R? values for UBV and mean LST were recorded as 0.31
and 0.42 in Tsukuba and Tsuchiura, respectively. The correlation of the two variables was positive
for both cities. However, UGV had a negative correlation with mean LST. The R? values between
these two variables were recorded as 0.53 and 0.19 in Tsukuba and Tsuchiura, respectively (Figure 5).
This R? correlation difference was recognized due to the spatial distribution of the UGV and UBV.
The total UBV of Tsukuba was 15 million m? less than that of Tsuchiura. The total UGV of Tsukuba
was 23 million m3 greater than that of Tsuchiura.

Our results showed that the UBV and UGV influenced the increase or decrease of the LST. Tsukuba,
as a planned city, had a weak positive relationship between UBV and mean LST. However, this planned
city had a strong negative relationship between UGV and mean LST when compared with that of
the traditionally developed city, Tsuchiura. In planned cities, more attention is given to maintain
urban greening, such as green parking lots, urban parks, and trees along the main transportation
network. These act to decrease the LST more so than the other land use/land cover categories [23,52].
In comparison, in traditional cities, due to intensive urban development, most green areas have been
converted to impervious surfaces (buildings, parking lots, pavement, etc.), which act to increase the
LST in urban areas [15,19,53].

The results of our study showed that mean LST of Tsuchiura was always higher than that of
Tsukuba. The mean LST was always higher in the built-up areas than in the green areas and other land
use categories (Table 3). The spatial distribution of UGV was spread evenly in Tsukuba as a planned
city. More green areas could also be identified near the city center (Figure le,f). This important
distribution directly acted to minimize the LST in Tsukuba. In Tsuchiura, more built-up areas could be
recognized inside the city center and the whole study area than in Tsukuba (Figure 3). Built-up areas
directly act to increase the LST because of their higher thermal inertia. In contrast, green areas act to
decrease the LST based on their low thermal inertia, as they provide shade against sun radiation and
generate cool island effects owing to evapotranspiration and emissivity [17,20,54,55].

The impact of urban spatial structure with mean LST was identified by using an urban-rural
gradient analysis based on the UGV-UBV ratio of both cities. The UGV-UBV ratio can be considered
as an essential indicator of the landscape composition of the cities. The average UGV-UBYV ratio
was 54.9% and 28.7% for Tsukuba and Tsuchiura, respectively, while the highest ratio was 146.5%
and 71.2%, respectively. The UGV-UBYV ratio was statistically significant (p < 0.001) and correlated
negatively with mean LST in both cities. The R? value was higher in Tsuchiura than in Tsukuba. This
result showed that the entire buffer zone of the traditionally developed city had a higher UBV than
UGV. Thus, the UGV-UBYV ratio was lower than 100 in Tsuchiura along the entire buffer zone (Table 4).
The UGV-UBV ratio of Tsukuba was always higher than that of Tsuchiura in all gradient zones.

According to the results of the study, we showed that the landscape pattern is a vital factor in
minimizing the LST in a planned city. In Tsukuba, green spaces have been given a considerable portion
of the potential urban development area to maintain urban greening concepts. Tsukuba was developed
based on a proper urban planning concept and has been able to maintain 20% of the total areas for
green space. As a result of this proper urban plan, Tsukuba is slightly more popular among the
educated population than the industrial population. Most of the national-level research institutes are
in Tsukuba, and the University of Tsukuba plays a significant role in attracting an educated population
into the city area [22,30]. The Tsukuba express railway line helps to minimize the travel time to Tokyo
and maintain a level of urban development with a small multicore concept. Thus, most of the facilities
are scattered in the Tsukuba periphery. As such, the modern attitude of people also supports the
development of Tsukuba as a displaced modern city (Figure 3a and Table 2).

Tsuchiura was developed based on a single-core concept. Most of the hospitals, schools, and
other public facilities are inside the CBD area. Therefore, residents need to move to the CBD area to
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access these facilities. These traditional urban development concepts did not include a proper plan to
maintain urban green areas. Thus, more built-up areas are aggregated in the city core, while green
areas are distributed away from the city center. This urban development has acted to increase the LST
in the city core. In Tsuchiura, the relationship between UBV and mean LST was stronger than the
relationship between UGV and mean LST. Accordingly, UBV was more prominent than UGV in its
effects on increasing the LST for this traditionally developed city. In addition, the Tsukuba mean LST
was lower than that of Tsuchiura in the main land use/land cover categories (built-up and green) as
the scattered land use/land cover pattern was directly affected by these differences in both cities.

The UGV-UBYV ratio can be used as a proxy indicator to identify the landscape composition of
planned and traditionally developed cities. A city developed through a proper plan shows a higher
UGV-UBV ratio than that of a traditionally developed city. Past research has shown that 10% of
green cover acts to decrease the LST by 0.86 °C [56]. Therefore, the UGV-UBV ratio is much higher in
planned cities than in traditionally developed ones. Therefore, the urban policymakers of the Tsuchiura
city council need to consider the increase of the UGV near the city areas and maintain a better balance
with the UBV. Urban agriculture, green roofs, and green building concepts can be used to maintain
the green density. Thus, urban planners can consider more vertical development rather than the
traditional horizontal development. This indicator is essential to explain the importance of green
volume in a planned city when compared with a traditionally developed city. Urban planners and
policymakers need to strongly consider the balance of their UGV-UBYV ratio in their future urban
planning activities, as a higher ratio can profoundly act to reduce the LST. This article concludes that
the measured differences between the two cities are due to the differences in the urban spatial structure
between the center city and its form of growth and the modern green city. We suggest that more
studies should be performed to confirm the findings of this study.

The analysis in this study only included the 2.5-km buffer radius from both city centers given
the availability of the ALOS DSM data. In addition to the UGV and GBYV, other environmental
factors including wind condition, surface moisture, humidity, and the solar radiation intensity of
the two cities could also influence the LST values. Kasumigaura Lake located near Tsuchiura city
is calm and quiet with quite low wind speeds. Thus, we ignored the effect of wind on the LST
changes. Therefore, it is recommended that the results be interpreted by taking into consideration
these limitations. In addition, temporal changes over time were not been examined here and also need
to be considered in future studies.

5. Conclusions

In this study, we compared two Japanese cities (Tsukuba and Tsuchiura) using UBV, UGV, mean
LST, and the UGV-UBYV ratio. The landscape composition directly influenced the spatial pattern of
LST in both cities. The total UBV of Tsuchiura was 15 million m® greater than that of Tsukuba, and the
total UGV of Tsukuba was 23 million m3 greater than that of Tsuchiura. Statistical analysis showed
that UBV had a positive relationship with mean LST, while UGV had a negative relationship with
mean LST in both cities.

In addition, mean LST of Tsuchiura was always higher than that of Tsukuba. The average
UGV-UBV ratio was higher in the planned city, Tsukuba, than in the traditionally developed city,
Tsuchiura. The UGV-UBV ratio was negatively correlated with mean LST, indicative of the influence
of UGV in mitigating the LST. For mean LST difference between built-up area and green space showed
that Tsuchiura had 1.8 °C while Tsukuba had 1.7 °C. It can be noted that mean LST difference between
built-up area and green space was more intense in the traditional city rather than in the planned city.
This can be explained by the difference in urban spatial structure of these two cities.

This study was an attempt to use UBV and UGV for examining the spatial pattern of LST.
The planned city Tsukuba, had more green spaces and well-spread (so far) built-up areas than Tsuchiura.
This study did not examine the impact of urban planning in detail, and this needs to be considered in
future studies.
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