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Abstract:



Bogor as one of the satellite cities of Jakarta Metropolitan experiences rapid population growth and urban development. The urban landscape that is changed by urban development affects the city expansion, the increase of land surface temperature (LST), and the urban heat island (UHI). Objectives of this study are to analyze the city expansion, to analyze the LST characteristic of each land use type, and to examine the correlation between LST change and land use change that is affected by the city expansion. We examined the development of the UHI through the city expansion and the increasing of LST. Landsat 5 TM in 1990, 1997, 2007, and Landsat 8 OLI/TIRS in 2017 were used in this study. For the land used classification, we used Local Climate Zone (LCZ) classification system. The result shows that Bogor has experienced city expansion in the last 27 years. According to the rate of city expansion in the different period, the highest city expansion occurred in 1997–2007 by 8213.7 ha in the analyzed area. In the analysis of relationship between LST and LCZ, there are differences of LSTs among LCZ categories. We also found the area that shows a high LST value expanded broadly towards suburban area with urban development. The temperature differences between urban and suburban were 1.36 °C in 1990, 2.33 °C in 1997, 2.97 °C in 2007, and 2.26 °C in 2017. We defined urban change degree to quantify the land use change, and it is compared with LST change. By the analysis, strong influence of urban expansion on the distribution of surface UHI was observed.
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1. Introduction


Urban heat island (UHI) is a phenomenon where the urban area is warmer than the suburban area. Surface and atmospheric modifications that were caused by urbanization generally lead to the modified thermal condition that is warmer than the surrounding areas [1,2]. The atmospheric urban heat island is measured based on the air temperature. Surface UHI is measured based on the land surface temperature (LST). This study focuses on the surface UHI that has the adverse impact on the city expansion. Surface UHI can be observed by using remote sensing data and was described by Voogt and Oke [1] and Roth et al. [3].



Surface UHI mainly caused by urban development, which resulted in higher LST [4,5]. LST characteristics are mainly contributed by albedo, thermal, and heat capacity of urban surface cover [5]. In the case of urbanization, the replacement of land use into another has influenced the energy exchange between the urban surface cover and the atmosphere that affected the LST.



The development of thermal remote sensing has an advantage in the study of surface UHI. The advantage carries out the possibility of LST measurement in the large area. The utilization of thermal remote sensing to obtain the LST has been conducted in the previous studies [6,7,8,9,10,11,12]. The relationship between surface cover change and surface UHI in urban areas are also studied on the role of vegetation abundance that is related with UHI [13], landscape configuration, and UHI effect [14], growing population, which affect loss of green and water area [4], and impact of land surface characteristic on spatiotemporal pattern of LST [15]. Nevertheless, the relationship between LST and Local Climate Zone (LCZ) with the city expansion has not been studied to describe the development of surface UHI.



The interaction between the urban surfaces with the atmosphere is governed by the surface heat flux [6,16]. Based on the characteristic of the urban surface and its climate interaction, we used the LCZ classification system by Stewart and Oke [16]. They classified the urban surface that is based on the surface structure and surface cover characteristic related to the climate interaction. The principle workflow of LCZ classification is clearly described by Bechtel et al. [17].



UHI almost occurs in all urban areas at a large or small-sized city [13] and the urbanization has an impact on the land use change, which then results in the formation of UHI [1]. Regarding the urban development process, population growth has the important role in the city expansion. Population growth leads the changes of social characteristics and the intensity of its activities that lead to the rapid changes in urban utilization. The decreasing of vegetation coverage in the urban area due to the development of urban surface (buildings, pavements, etc.) is the environmental consequences that often occur in the city. Certainly, the rapid changes for urban development affected the development of surface UHI.



Bogor City as a satellite city of Jakarta is a comfortable city for residential purpose. Recently, Bogor City has experienced a rapid population growth and urban development. The population growths in Bogor City by census and statistic data are 272,251 (1990); 750,819 (2000); 950,334 (2010); and, 1,064,687 (2016) [18,19]. This rapid growth brings expansion of Bogor City and affected its UHI.



In this study, we focused on analyzing the city expansion and surface UHI in Bogor City using remote sensing. The aims of this study are: (1) examine the city expansion from the point of view of LCZ; (2) analyze the LST characteristic of each LCZ type; and, (3) examine the correlation between LST change and the land use change that was affected by the city expansion. We defined urban change degree to describe the change from non-urban to urban LCZ. Landsat data were used to analyze city expansion and the development of surface UHI in the last 27 years.




2. Materials and Methods


2.1. Study Area and Materials


The analyzed area is shown in Figure 1. Whole analyzed area (Figure 1c) consists of Bogor City and suburban area. We defined that Bogor City is inside of the city boundary that is shown in Figure 1c (red area of Figure 1b), and suburban area is the analyzed area except for Bogor City.


Figure 1. Map of analyzed area. (a) Location in Indonesia; (b) Bogor District and surrounding area, and (c) analyzed area in this study (Bogor City and suburban area).
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Landsat TM data in 1990, 1997, 2007, and Landsat 8 OLI/TIRS in 2017 have been downloaded from the United States Geological Survey web page (https://earthexplorer.usgs.gov/) with path 122 and row 065. The description of Landsat image is shown in Table 1. They have been geo-referenced to the WGS84/UTM 48 South projection system. Band 1–5 & 7 (Landsat TM) and band 1–7 (Landsat OLI) were used for LCZ. Band 6 (Landsat TM) and band 10 (Landsat TIRS) were used to analyze the LST.


Table 1. Description of Landsat images that were used in this study.





	Image Acquisition Date
	Sensor
	Bands for LCZ Classification
	Thermal Band





	9 July 1990
	Landsat 5 TM
	1–5, & 7
	6



	28 July 1997
	Landsat 5 TM
	1–5, & 7
	6



	26 September 2007
	Landsat 5 TM
	1–5, & 7
	6



	19 July 2017
	Landsat 8 OLI/TIRS
	1–7
	10










2.2. Local Climate Zone (LCZ)


Local climate zones (LCZ), as developed by Stewart and Oke [13], is a new and systematic classification method of land use for UHI studies. The classification dividing the urban and rural area, which were defined as structure and land cover properties. LCZ was formally defined as regions of uniform surface cover, structure, material, and human activity that span hundreds of meters to several kilometers in horizontal scale. According to Stewart and Oke [13], each LCZ has a characteristic temperature regime that is the most apparent over the dry surface, on calm, clear nights, and areas of simple relief. The temperature regime is associated with the homogeneous environments or the ecosystem of cities. We conducted the classification process in Quantum GIS with Semi-Automatic Classification plug-in. Nine LCZs were used in this study: compact low-rise building, large low-rise building, roads and paved, dense trees, scattered trees and bush, low plants, bare soil, water, and cloud. Based on the ground features of the analyzed area and high resolution of Google Earth images in Bogor City, the LCZ types are divided into eight categories: compact low-rise building, large low-rise building, roads and paved, dense trees, scattered trees and bush, low plants, bare soil, and water. The illustration of LCZ categories is shown in Figure 2. Particularly, cloud category is directly determined based on interpretation in Landsat image without considering the feature in Google Earth image. Then, the training areas are determined for those nine categories. To determine the categories, maximum likelihood classification (MLC) algorithm was used in this study.


Figure 2. Illustration of Local Climate Zone. Corresponding LCZ images are reproduced from Stewart and Oke [16], American Meteorological Society, Used with permission.
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For further analysis of city expansion, we conducted merge processing of LCZ into big cluster. Compact low-rise building, large low-rise building, roads, and paved were merged and defined as an urbanized area. Dense trees, scattered trees and bush, and low plants defined as vegetated area. We defined that the urbanized area as the city area (impervious surface), while the suburban area is mainly covered by vegetated area (natural surface). Therefore, a merge processing of LCZ into big clusters is necessary.




2.3. Data Post-Processing and Accuracy Assessment of LCZ Classification


To identify the errors among the categories, we conducted accuracy measurement of LCZ classification. In the accuracy assessment of LCZ classification, confusion matrix, X, defined as follows, is used:
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(1)




where i is classification of training data (i = 1~r), j is classification result, (j = i~r), and r is the number of category. The accuracy of classification for an individual category is measured by user’s accuracy and producer’s accuracy. The producer’s accuracy is the accuracy that is obtained by dividing the number of correct pixels of category i with the total number of training data of category i. The producer’s accuracy is often known with the term “omission error”. If the number of correct pixels of category i is divided by the total pixels of category i, this is called user’s accuracy, known as “commission error”. Kappa coefficient, K, which considers the omission error and commission error, is also used [20,21,22].



Several accuracy formulas used are as follows [20,22,23]:
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(7)




where Xii is number of correct observations in category i, X+i is marginal total of column i and Xi+ is marginal total of rows i, and N is the total number of observations.




2.4. Normalized Difference Vegetation Index (NDVI)


The NDVI value indicates the presence of vegetation or vegetation condition. NDVI value can be obtained by using reflectance of the red band (band 3 in TM and band 4 in OLI) and surface reflectance of the near-infrared band (band 4 in TM and band 5 in OLI). The equation is as follows:
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(8)








2.5. Derivation of Land Surface Temperature (LST)


The method for obtaining LST from Landsat data sets requires the conversion of the Digital Number (DN) values of the thermal bands (Band 6 in Landsat-5 TM and Bands 10 in Landsat-8 TIRS). At first step, spectral radiances (Lλ) of the multispectral and thermal bands of the Landsat-5 TM and Landsat-8 TIRS imageries can be calculated using the Equations (9) and (10), respectively. The surface temperature (T) can be obtained from the spectral radiance (Lλ) using the Equation (11) (http://landsat.usgs.gov):
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(9)






Lλ (Landsat 8 TIRS) = ML × DN + AL



(10)
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(11)




where ML (0.0003342) represents band specific multiplicative rescaling factor, and AL (0.1) is band specific additive rescaling factor. For Landsat TM, Lmax and Lmin values are available in satellite header file (metadata). K1 and K2 are band specific thermal conversions constant in metadata (Landsat-5 TM: K1 is 607.76 and K2 is 1260.56 and Landsat 8 TIRS: K1 is 774.8853 and K2 is 1321.0789).




2.6. Urban Change Degree and UHI Development


The urban change degree is measured as the difference of urban pixels in 5 × 5 pixels between 1990 and 2017, as shown in Figure 3. In order to identify the changes of the area, the correlation between the LST change and urban change degree between 1990 and 2017 is calculated. The degree ranges from zero (0) to one (1). Zero means no change (from non-urban to the urban area) in all 25 pixels and one is the changes (from non-urban to the urban area) in all 25 pixels.
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(12)






Figure 3. Illustration of urban change degree. The value of 25 pixels are averaged to give the degree (original pixel is 30 m resolution).
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The LST change is also calculated for every 5 × 5 pixels between 1990 and 2017, like urban change degree. The LST change is expressed, as follows:


LST change = LST2017 − LST1990 (average of 25 pixels)



(13)









3. Results and Discussion


3.1. Accuracy Evaluation of LCZ


To validate the LCZ, 255 sampling points are compared with the corresponding point on Google Earth images in the same period. Table 2 shows the accuracy of LCZ’s validation, which is calculated by the same method of Estoque et al. [24] and Wang et al. [11]. The accuracy in all periods are more than 85%.


Table 2. Accuracy of Local Climate Zone’s (LCZ’s) validation.





	Year
	1990
	1997
	2007
	2017





	Accuracy (%)
	92.54%
	88.62%
	85.09%
	85.88%









Table 3 shows the overall accuracy and the kappa coefficient for LCZ classification. The overall accuracy for each period is more than 90% and it is quite high for all periods of time. The accuracy in 2017 has the highest value. Generally, the Kappa coefficient was more than 0.75 for all of the images. When the Kappa coefficient is above 0.7, it indicates that the degree of agreement of accuracy is categorized as very good [25].


Table 3. Accuracy assessment of LCZ type.





	Year
	Overall Accuracy (%)
	Kappa Coefficient





	1990
	95.02
	0.83



	1997
	90.68
	0.78



	2007
	93.29
	0.87



	2017
	98.94
	0.97










3.2. LCZ Characteristics


LCZ classification maps in all of the periods are shown in Figure 4. In detail, the total areas and proportion of LCZ results are illustrated in Table 4 and Figure 5. In 1990, the vegetated area (dense trees, scattered trees and bush, and low plants) is predominant land use type (84%), but it continuously decreases to 58.85% in 2017. On the other hand, the urbanized area (compact low-rise building, large low-rise building, roads, and paved) showed a significant increase (9.4% to 27.9%) since 1990–2017.


Figure 4. LCZ maps of Bogor.
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Figure 5. Diagram of LCZ proportion in 1900–2017.
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Table 4. LCZ results in different years (ha).





	LCZ Types
	1990
	1997
	2007
	2017





	Urbanized area *
	5846.9
	6058.6
	14272.3
	17404.8



	Vegetated area
	52337.5
	50681.8
	43771.3
	37988.5



	Bare soil
	1881.5
	4160.7
	1649.5
	3286.0



	Water
	2068.3
	1421.4
	2629.4
	2065.1



	Cloud
	188.3
	0.0
	0.0
	1578.2







Total area = 62,322.48 ha. * Urbanized areas are defined as city expansion, which is discussed on Section 3.3 and Figure 6.








In the different periods (1990–1997; 1997–2007; and, 2007–2017), the urbanized area increased by 211.7 ha (0.03% of 1990), 8213.7 ha (135.57% of 1997), and 3132.5 ha (21.94% of 2007), respectively. There was double increasing of urbanized area in 1997–2007, and it was also followed by a significant decrease of vegetated area by 6910.5 ha. Thus, in the last period of 2007–2017, the urbanized area was still increasing.



Generally, vegetated area is the main resource of the city expansion. It was found that the city expansion that was synchronized with the decrease of vegetated area. In 1990, Bogor City was dominated by vegetated area, and in 2017, it was mostly covered by urbanized area. In 1997, bare soil appeared in large scale and spread in many places, but then in 2007, it transformed into the urbanized area in 2007. By 2007, the urbanized area expanded broadly beyond the city boundary. In suburban area, the urbanized area sparsely distributed and its character expanded along the roads. In the case of land use change, bare soil is considered as a transition category from vegetated area to urbanized area. Loss of vegetated area has negative impact on conserving the water and ameliorating the micro climate.



In order to explore the changes between the different LCZ types over time, we compared the LCZ change between 1990 and 2017, and the transition matrix of LCZ change is obtained (Table 5). From Table 5, the expansion of the urbanized area was mainly at the expense of vegetated area. There were 12.2% of dense trees and 3.9% of scattered trees and bush that changed to compact low-rise building. This was mainly due to rapid population growth in the recent years. At the same time, there was conversion of dense trees to scattered trees and bush (13.4%), low plants (7.8%), and bare soil (2.6%). The decrease of dense trees means not only for the changes into urbanized area, but also for the conversion into the agricultural area. Generally, the urbanized area increased 18.5% from the total area (9.4% in 1990 and 27.9% in 2017). Vegetated area decreased 23% from the total area (84% in 1990 and 61% in 2017).


Table 5. The transition matrix of LCZ change between 1990 and 2017.





	
2017




	

	

	

	
Urbanized Area

	
Vegetated Area

	

	

	

	

	




	

	

	

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
Total

	






	
1990

	
Urbanized area

	
1. Compact low-rise building

	
4.4

	
0.5

	
0.1

	
0.1

	
0.4

	
0.2

	
0.2

	
0.1

	
0.1

	
6.2
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2. Large low-rise building

	
0.3

	
0.2

	
0.0

	
0.1

	
0.2

	
0.1

	
0.1

	
0.0

	
0.5

	
1.5




	
3. Roads and paved

	
0.9

	
0.1

	
0.1

	
0.1

	
0.2

	
0.1

	
0.1

	
0.1

	
0.0

	
1.7




	
Vegetated area

	
4. Dense trees

	
12.2

	
1.2

	
0.7

	
17.9

	
13.4

	
7.8

	
2.6

	
1.8

	
1.4

	
58.9
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5. Scattered trees and bush

	
3.9

	
0.7

	
0.3

	
4.1

	
6.2

	
4.2

	
1.5

	
0.6

	
0.4

	
21.8




	
6. Low plants

	
0.4

	
0.1

	
0.0

	
0.8

	
0.9

	
0.8

	
0.3

	
0.1

	
0.0

	
3.3




	

	
7. Bare soil

	
0.8

	
0.1

	
0.0

	
0.3

	
0.8

	
0.4

	
0.4

	
0.0

	
0.1

	
3.0

	




	

	
8. Water

	
0.6

	
0.1

	
0.1

	
0.3

	
0.9

	
0.4

	
0.2

	
0.6

	
0.0

	
3.3

	




	

	
9. Cloud

	
0.0

	
0.0

	
0.0

	
0.3

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.3

	




	

	

	
Total

	
23.6

	
3.0

	
1.4

	
23.9

	
23.0

	
14.1

	
5.3

	
3.3

	
2.5

	
100.0
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3.3. City Expansion


Figure 6 shows the city expansion from 1990 to 2017. The results showed that Bogor City has a rapid city expansion. In 1990–1997, the urbanized area is mostly located inside of Bogor City. In 1997–2007, the highest expansion was observed. In 2007–2017, city expansion spread out to suburban area. The rapid city expansion is expected to continue in the future. By the city expansion, vegetated area in the suburban area will be decreased.


Figure 6. City expansion in 1990–2017.
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3.4. LST Characteristics and LCZ Type


The LST distribution maps are shown in Figure 7. Over the past 27 years, the high LST value expanded from the inner city to the suburban area. The areas with high LST were consistent with the observed LCZ of Figure 4. High LST is over the threshold value, which can be defined by fitting the urbanized area and LST value with best correlation. They were 23.8 °C in 1990, 26.4 °C in 1997, 26.4 °C in 2007, and 25.7 °C in 2017. In general, higher LST values were found mostly in the center of the Bogor City. By 2017, the area that show high LST value expanded broadly towards suburban area with urban development. The directions of city expansion is from Bogor City to other cities along the roads.


Figure 7. LST distribution maps.
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To analyze the phenomenon of surface UHI, the average LSTs of urban and suburban area were calculated in the analyzed area and it was shown in Figure 8. The LST means of urban area in 1990, 1997, 2007, and 2017 were 23.90 °C, 26.69 °C, 27.38 °C, and 26.41 °C, respectively. The LST means of suburban area in the same periods were 22.54 °C, 24.36 °C, 24.40 °C, and 24.15 °C, respectively. The temperature difference between urban and suburban were 1.36 °C in 1990, 2.33 °C in 1997, 2.97 °C in 2007, and 2.26 °C in 2017, which show the intensity of the surface UHI.


Figure 8. Surface urban heat island (UHI) from 1990 to 2017.
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Figure 9 shows box plots of LST in different LCZ category. There are significant differences among categories. The LST of each LCZ category have the same pattern. In all of the periods, the highest LST is compact low-rise building and the lowest LST is dense trees. Many studies are also reported that the built-up area showed a high LST [6,11,12,14,26].


Figure 9. Box plots of land surface temperature (LST) for different LCZ category.
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The histogram that describes the relationship between LST and LCZ of Bogor City is shown in Figure 10. The LST characteristic and LCZ types at all periods showed that the urbanized area has the highest temperature followed by bare soil, water, and the vegetated area. In 1990, the frequency of the urbanized area is lower than the vegetated area. In 1997 and 2007, urbanized area continuously increased. By 2017, the frequency of urbanized area becomes higher than the vegetated area. It means that Bogor City is mainly covered by urbanized and high temperature area.


Figure 10. Histogram of LST for LCZ cluster.
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3.5. Relationship between LST and NDVI


Figure 11 shows NDVI distribution maps. In all periods, the areas with low NDVI value indicated the urbanized areas. By comparing the NDVI maps with LST maps (Figure 7), the spatial pattern of NDVI maps coincides with the spatial pattern of LST. The relationship between LST and NDVI is shown in Figure 12. The color of scatter plot represents the density. Red is the highest density and dark blue is the lowest density. Although the correlations between LST and NDVI are not high, they were all statistically significant (p < 0.01). The regression analysis shows that NDVI has a negative correlation with LST, where a low NDVI value is associated with a high LST value. Wang et al. [11], Yuwan et al. [5], and Ranagalage et al. [27] reported that NDVI has negative linear correlation with LST, but it was a weak correlation. It is consistent with our result in this study.


Figure 11. Normalized Difference Vegetation Index (NDVI) distribution maps.
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Figure 12. Relation of LST and NDVI.
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When NDVI value is less than zero, there are some data which shows low LST. These data are not urbanized area but represents water or wetland. With the city expansion, low NDVI and high LST area increase and this makes the negative correlation stronger. In Figure 12, there is a tendency that the correlation values decrease along the time.




3.6. UHI Expansion and Urban Change Degree


The result of LST change and urban change degree is shown in Figure 13. Figure 13a,b show the LST change and the urban change degree between 1990 and 2017 in the whole analyzed area. Figure 13c,d show the extraction area of Bogor City. The area that shows high LST change corresponds to the urban change from non-urban to urban. The land use changes from non-urban to urban had an influence on the surface UHI.


Figure 13. LST change and urban change degree. (a) LST change between 1990 and 2017, (b) Status of urban change (from non-urban to urban), (c) LST change between 1990 and 2017 in Bogor City, and (d) Status of urban change (from non-urban to urban) in Bogor City. One pixel is 150 m × 150 m (averaging value from 5 × 5 pixels of original image resolution 30 m).
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Figure 14 shows the relation between LST change and the urban change degree. The regression analysis revealed that urban change degree is positively correlated with the LST change both in Bogor City and the whole analyzed area. It indicated that the urban change has an impact to increase the surface temperature. When the urbanized area expanded, it implies the increase of high surface temperature in the analyzed area.


Figure 14. Relation of LST change and urban change degree in the analyzed area and Bogor City.
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3.7. High Change Area


High change area is defined as the area of high urban change degree and high LST change shown as red pixels in Figure 14. High change area was detected from the multiplication value of the urban change degree and LST change between 1990 and 2017 (Figure 13a,b). Land use change and expansion of surface UHI are summarized in Figure 15. The red area generally corresponds to the changing area from the vegetated area to the residential area. The area represents rapid population growth of Bogor that is influenced by the urbanization of Jakarta. It is expected that Bogor will continuously experience the city expansion. The surface UHI will continuously expand in the suburban area of Bogor because the center area of the Bogor City was already developed.


Figure 15. Map of high change area. The black line indicates the boundary of the Bogor City. Points (a and b) show the location of photos in Figure 16.
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4. Conclusions


Based on the analysis of LCZ types, it was found that Bogor had experienced city expansion in the last 27 years. In 1990, the vegetated area is predominant land use type, but it continuously decreases until 2017. On the other hand, the urbanized area showed a significant increase (9.4% to 27.9%), as shown in Figure 5. About the rate of city expansion in difference periods (1990–1997, 1997–2007, & 2007–2017), the highest city expansion occurred in 1997–2007 by 8213.7 ha. The city expansion was mainly in Bogor City and was later distributed in suburban along the roads that linked to other cities.



By analyzing the LST and LCZ categories, the spatial pattern of LST distribution has the relation with LCZ pattern in all of the periods. The characteristic of land use types from the highest temperature in sequence are the urbanized area, bare soil, water, and vegetated area. It indicated that the urban area is warmer than the suburban area because of the urban area is mainly covered by built-up area (compact low-rise building, large low-rise building, roads, and paved). Over the past 27 years, the surface UHI expanded from the inner city towards the suburban area. The temperature difference between urban and suburban due to the city expansion were 1.36 °C in 1990, 2.33 °C in 1997, 2.97 °C in 2007, and 2.26 °C in 2017. The LST change and urban change degree have strong positive correlation and we concluded that the urban expansion has an impact to increase the surface UHI. The result of this study provided valuable information for the future development and the spatial planning of Bogor City. In the further study, the analysis of UHI defined by air temperature and its relation with the LCZ is necessary for the application on urban planning.
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