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Abstract

:

The urban ecosystem provides many services that help humans lead physically and mentally healthy lives. The quality of such urban ecosystem services is closely related to various urban forms, such as land cover, land use, buildings, infrastructure, population, and type and scale of green space. This study aims to promote the overall improvement and balance of an urban ecosystem’s regulating services. Initially, ecosystem regulating services are assessed according to the type of the urban space, and their contributions are analyzed based on linear regression slope and pairwise comparison of the ecosystem services. The contribution of ecosystem regulating services of Suwon City in South Korea was assessed through the following process: (1) selection of assessment indices and assessment methods for urban ecosystem regulating services; (2) urban space classification; (3) ecosystem regulating service assessment by type of urban space; and (4) pairwise comparison of ecosystem regulating services by type and for the entire study area. The study areas are classified into six type areas: forests (type A), agricultural land (type B), low-rise residential areas (type C), mid-rise mixed (residential and commercial) areas (type D), high-rise residential areas (type E), and industrial and barren land (type F). By studying representative regulating services, such as vegetation vitality, flood reduction capacity, carbon storage capacity, and heat reduction capacity, this study confirmed that type A provided the best service, while type C provided the worst. In addition, the relative contribution analysis between the regulating services based on pairwise comparison showed that the standard deviation between the contributions was 0.04 when diagnosing the entire study area, but apparently no types except type A were balanced. The reason such regulating services are imbalanced is that their vegetation vitality was calculated to be the lowest compared with the assessment indices of type A. Additionally, this imbalance was found to be most severe in the mid-rise mixed (residential and commercial) districts. Through this study, the spatial types in which the ecosystem regulating services in Suwon City are imbalanced could be determined. It was also revealed that regulating services should be prioritized for improvement in order to achieve greater balance in urban ecosystem. Such pairwise comparison results can be effectively utilized in determining the area and supply needed when formulating urban greening plans and forest restoration plans.
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1. Introduction


In urban areas, where more than half of the world’s population lives, an urban ecosystem is formed in which natural and artificial spaces are intricately connected, and urban residents depend on the services provided by the ecosystem [1]. The ecosystem provides many services that help human beings lead physically and mentally healthy lives [2]. Ecosystem services (ES) are defined as the benefits [3,4] that humans obtain from nature and are mainly classified into supplying, regulating, supporting, and cultural services [2]. The quality of these urban ES is closely related to various urban forms, such as land cover, land use, buildings, infrastructure, population, location types, and scale of green areas [5,6,7,8,9]. Urban ecosystem components are more complex than those of natural ecosystems, thus even small changes can cause a chain reaction of imbalances in ES [10]. Therefore, in order to maintain a healthy cycle in an urban ecosystem, the relationships between ES should be understood in detail [11].



Numerous studies have analyzed the interrelations (trade-offs) between supplying, regulating, supporting, and cultural services, which are the most important aspects of ES [9,12,13,14,15,16,17,18]. Most of these studies emphasize the importance of harmony and balance with urban ES in increasing the benefits that human society can enjoy from urban ecosystem. In other words, sustainable conservation and maintenance of urban ecosystem is in effect possible through harmony and balance with urban ES [10]. Simultaneously, with humans recognizing the benefits of ecosystem, it becomes possible to create a virtuous cycle for ecosystem [2,19]. However, with increases in urban development and human activities, natural ecosystems are being damaged, consequently causing deterioration and imbalance in urban ES [20,21]. This causes negative effects such as reduction of animal and plant habitats, creation of urban heat islands, increased risk of flooding, and increased carbon emissions, which threaten the lives of urban residents. Such environmental problems have been mostly improved and focus on natural ecological space mainly distributed in the city without the consideration of the interrelationship between natural ecological space and humans [7,22,23]. Recently, efforts to solve these environmental problems have been increasing through socio-ecological approaches that emphasize the comprehensive interrelationship between natural ecological space and humans [24,25]. The improvement of urban natural ecological space considering the characteristics of human society can contribute to the increasing of urban ecosystem services [26]. Therefore, spatial planning, including urban planning, urban design, and landscape planning, has been applied as a major means for creating a sustainable city [27,28,29,30,31].



In the case of South Korea, various policy-initiated projects have been undertaken to improve ecosystem supplying, regulating, supporting, and cultural services with an emphasis on regulating services [32]. Regulating services include climate and natural disaster regulating, which are the regulatory benefits provided through the cycle of elements in the ecosystem [2,33]. In other words, ecosystem regulating services (ERS) are closely related to maintaining the safety of urban residents. In a recent questionnaire survey on the increasing importance of ES, which included 1000 respondents in South Korea, 67.6% answered that regulating services are the most important [34]. In particular, many studies have revealed that the elements within regulating services have a synergizing effect [12,35,36,37,38]. This effect means that improvements in regulating service elements, such as carbon storage capacity in the city, can also lead to flood reduction and heat reduction. Hence, maintenance of balance within regulating services is considered just as important as the balance among the aforementioned supplying, regulating, supporting, and cultural services of an ecosystem [39,40]. Although there have been numerous correlational studies of the four ES, an attempt to study contribution analysis based on an interrelationship between regulating services is insufficient.



In order to establish an effective spatial plan to strengthen ES, it is necessary to analyze comprehensively urban spaces in which ERS are most effective and how much contribution and balance between each element can be achieved. Thus, the types and spatial characteristics of services provided in the urban ecosystem can be better understood, and by essentially improving the services and spaces it becomes possible to balance ES. The objective of this study is to analyze the relative contributions of ERS, which could be determined by socio-ecological characteristics. To achieve this, the urban spatial types are classified into six groups to identify the amount of ERS which could be determined by human society. The ERS of each spatial type are assessed, and contribution analyses are conducted based on the interrelationship of ERS. Such research results could be utilized in urban spatial planning to promote and balance the regulating services of socio-ecological spaces.




2. Materials and Methods


This study was conducted with the following procedure: (1) selection of indices and assessment methods for urban ERS assessment; (2) urban space classification; (3) assessment of ERS by type of urban space; and (4) holistic and classificational contribution analysis of the regulating services (Figure 1).



2.1. Selection of Assessment Indices and Methods


A regulating service is defined as the benefit of the regulatory function provided by the material cycle processes of an ecosystem [2,3,4]. In other words, it is possible to analyze a regulating service by calculating the enhancement in positive effects or reduction in negative environmental load so that the urban ecosystem can cycle virtuously. Additionally, the South Korean Ministry of Environment has recently focused on national research projects to improve vegetation vitality, flood reduction capacity, carbon storage capacity, and heat reduction capacity among ERS [41]. Moreover, policy efforts are being made to restore and promote the health of urban ecosystem by improving ERS through institutional means, such as urban environmental planning and environmental impact assessment. Therefore, this study selected vegetation vitality, flood reduction capacity, carbon storage capacity, and heat reduction capacity as the main assessment indices of urban ecosystem and based the assessment on the physical characteristic of the ERS.



Vegetation vitality refers to the distribution amount and vigor of vegetation, and the higher the vegetation vitality, the more active the growing state [21,42,43,44]. In addition, with higher vegetation vitality, better habitats can be created [21]. The regulating service increases the foundation for the virtuous cycle of the ecosystem [45,46]. In particular, numerous studies have shown that the higher the vegetation capacity, the greater the regulatory services, such as flood reduction capacity, carbon storage capacity, and heat reduction capacity [47,48]. Vegetation vitality can be assessed with a normalized difference vegetation index (NDVI) analysis, developed by Rouse et al. (1974) [42], using satellite images. In this study, the vegetation vitality of the study area was calculated by acquiring Landsat satellite images from days with low cloudiness and excellent vegetation vitality and analyzing the NDVI.



Furthermore, vegetation areas in the city contribute to flood prevention by storing rainwater, which delays the peak time and reduces the peak amount [22,23,49,50,51,52]. This effect can be estimated using the curve number (CN) value developed by the US Bureau of Land Management. CN is a coefficient used to estimate effective rainfall by analyzing detailed data on soil characteristics, cover condition, and preceding precipitation conditions [52,53]. CN is very useful in studies that calculate the flood reduction capacity of urban ecosystem that include green infrastructure. In this study, the South Korean runoff curve index according to land cover suggested by the South Korean Ministry of Environment was calculated considering the area occupied by each grid. The CN has a value between 0 and 100, and the closer the value is to 100, the higher the impermeability. For easy comparison with other regulating service assessment results, this study assessed the result of subtracting the CN value from 100 as the flood control ability.



Urbanization is accelerating climate change by causing increases in human activity and traffic, which emit greenhouse gases. Urban forests, parks, green spaces, and street trees absorb and store greenhouse gases in the atmosphere through photosynthesis [5,6,54,55]. This carbon storage capacity is calculated by dividing it into soil carbon storage and vegetation carbon storage. Soil carbon storage can be calculated using the carbon storage unit of each soil type, and vegetation carbon storage can be calculated using the biomass allometric equations according to IPCC guidelines (2006) [56].



Cities have the structural characteristic of discharging much heat because of land cover and buildings, and this discharge causes the urban heat island phenomenon [57,58,59,60]. Green infrastructure such as urban forests and street trees are attracting attention as important planning elements that can reduce such heat generation through transpiration [5,54,61,62,63]. This study assessed the heat reduction capacity of the area using evapotranspiration analysis by utilizing the EEFlux (Earth Engine Evapotranspiration Flux) model based on the Google Earth Engine system and Landsat 8 satellite image. Table 1 shows the definitions and analysis methods for the four aforementioned assessment indices.




2.2. Classification of Urban Spaces


Suwon City, the capital and largest city of Gyeonggi-do, South Korea with 1.2 million people occupying 12,100 hectares of land, was selected as the study area (Figure 2). Suwon City is basin-shaped and surrounded by mountains with various land uses, such as forests, agricultural land, and low-rise, mid-rise, and high-rise urbanization. Over the last decade, natural land cover such as forests and farmlands have decreased by about 9 km2 while urbanized areas have increased by about 6.3 km2. Despite such urbanization, further large-scale urban development projects are still being planned and carried out. In addition, with 40% of Suwon City comprising forests and farmlands, which provide a relatively large number of ES, it is an area where systematic urban ecosystem management is required.



For spatial assessment of ERS, the study area was classified into a 60 m × 60 m grid by applying K-cluster analysis. The study area was classified into the 60 m × 60 m grid because satellite images, land cover maps, and soil maps produced by satellite images were mainly used as basic data for assessment of ES. There are 28,148 grids in the study area, and military facilities and areas under development were excluded from the analysis because of difficulties in obtaining data for analysis. In addition, water space was excluded because the selected indices are used mainly for measuring ERS of green areas.




2.3. Assessment of the ERS


The selected analysis methods were applied to assess the ERS of the study area. The ERS was analyzed by 60 m × 60 m grid resolution, and the level of urban ERS supply was identified using descriptive statistics analysis. In addition, by preparing the assessment results, regions with excellent and poor ERS supply were spatially identified. To compare ERS by urban spatial type, the total amount of services provided by each type and performance per grid (mean value) were analyzed. Thus, the types of space in which the ERS were excellently (or poorly) provided and the services that needed vast improvement were determined.




2.4. Analysis of Relative Contribution of Urban ERS


This study analyzed the relative contribution of each ERS by pairwise comparison in order to understand the interrelationship between them in detail. When there are multiple criteria in decision-making, pairwise comparison analysis is one of the leading methods used when estimating the significance (or importance) of several factors and details [67,68]. This method has an advantage to judge relative importance (contribution) of ERS in this study accurately [69]. A pair of two detailed elements is built to determine the relative importance, and such pairwise comparison is repeated to form a matrix of n assessment elements. The eigenvectors for each assessment element are calculated based on the constructed matrix, and the sum of the eigenvectors is 1. In other words, in a situation wherein the sum of all the elements of the ERS is assumed to be 1, the contribution of each element is determined based on the interrelationship. Based on this pairwise comparison analysis method, the relative contribution to the ERS was analyzed, as shown in Figure 3. The assessment results of the selected ERS need to be normalized because they have different units and scales. In this study, all the analysis results were normalized by 0–1 using the Min-Max method, as shown in Equation (1).


   N =   X − min  ( X )    max  ( X )  − min  ( x )       N : N o r m a l i z e d   v a l u e ,   X : O r i g i n a l   v a l u e ,   min  ( X )  : M i n   v a l u e ,   max  ( X )  :   M a x   v a l u e   



(1)







Matrix A was then constructed by deriving slopes through linear regression slope analysis between ERS. In this study, a 4 × 4 matrix is formed because four regulating services have been selected. Next, the relative contribution was calculated by calculating the eigenvectors of the ERS elements based on the set matrix. In addition, the reliability of the analysis result was verified by checking the CI (Consistency Index) and CR (Consistency Ratio) values to diagnose the consistency of the calculated contribution.



The relative contribution of the ERS was calculated by dividing the entire study area by type of urban space, and the balance of the ERS was observed based on the analysis result. In other words, if the ERS selected in this study were ideally balanced, the eigenvector value would be equally calculated as 0.25. The balance of ERS by spatial type was diagnosed using the standard deviation of contribution.





3. Results


3.1. Results of Classification


Repeated K-cluster analysis confirmed that the number of samples (when the urban space of the study area was classified into six types) was distributed in a balanced manner. The study areas were forests (type A), agricultural land (type B), low-rise residential areas (type C), mid-rise mixed (residential and commercial) areas (type D), high-rise residential areas (type E), and industrial and barren land (type F) (Figure 4). The spatial characteristics of each type is shown in Table 2. The number of type A grids is 1.5 to 2.5 times larger than that of other types, with a total of 8378, and they are mainly forests on the periphery of the study area or parks and green spaces located sporadically inside the study area. Type B is located between type A and urbanized types C–F, and is mainly used for agricultural purposes. Among the six types, type C has the smallest vegetation area and the highest impermeability. In the case of type C, the building occupancy rate in the grid is 32.28%, which is very high compared to other types, and it is expected to provide the fewest ERS.




3.2. Assessment Results of ERS


The NDVI within the study area has a range of −0.0032 to 0.88 with a mean of 0.45. The runoff curve index has a distribution of 8 to 33.67 with a mean of 20.38. The carbon storage capacity has a distribution of 2.48 to 60.42 tC/ha with a mean of 15.17 tC/ha, and in the case of evapotranspiration it is 0 to 1.09 with a mean of 0.21 (Table 3). For the entire study area, the difference between the maximum and minimum values is large for the regulating service assessment results, and the mean value is close to the minimum value. Hence, the large difference between maximum and minimum values indices means that there are various urban ecological spaces within the study area, and that the ERS are spatially imbalanced. In addition, the mean value is closer to the minimum value than the maximum value, and it can be inferred that the number of distributed artificial environments is larger than the number of natural ecological spaces. Such characteristics can also be confirmed from the map. While showing ample regulating services for the four indices in the north and west sides of the study area, where urban forests are mainly distributed, the regulating service for the central part of the study area, which has been heavily urbanized, is low. In addition, it has been confirmed that parks and green spaces located sporadically inside the city perform excellently for the ERS (Figure 5).



When the mean value of the regulating services for the six types, by type and grid (Table 4), are considered, type A is found to provide the most regulating services among all six types. Type A occupies 45% of the total area of the study area and provides 38% to 67% of total regulating services. Type B occupies 12.5% of the total area of the study area and provides 11% to 13% of the total ERS as well as the occupied area. Therefore, in order to prevent the deterioration of the ERS of the study area, it is necessary to restrain additional urban developments in type A and type B areas.



Meanwhile, type C (low-rise residential areas) shows low numbers for all regulating services. Type C also occupies 16% of the total study area while it provides only 2–12% of the total amount of regulating services. Hence, it is apparent that this type reduces the regulating services of the entire ecosystem of the study area. On the other hand, type D (mid-rise residential and commercial areas) and type E (high-rise residential) occupy an area similar to that of type C and they provide a slightly higher ERS than type C. However, the amount of ERS provided is still low (4% to 13%) compared with the amount of occupied area. Since type F covers a smaller area than the other types, a low mean value is distributed between types E and F. Therefore, it is necessary to expand green space in types C, D, and E in order to improve the regulating services of the urban ecosystem in the study area. With type C in particular, the building coverage ratio should be reduced, and afforestation should be actively encouraged for future urban planning and management.




3.3. Results of Relative Contribution Analysis


The results of linear regression slope analysis of each type are presented in Appendix A. The calculation results of the relative contributions obtained using the eigenvectors of the urban ERS for each type are the same as those shown in Table 5 and Figure 6. Both the CI and CR values, which are indices of the consistency of the eigenvectors, showed a significance level within 0.1, and the contribution analysis results were analyzed with the assumption that pairwise comparison was valid. The contribution of the ERS in the study area was in the order of heat reduction capacity (0.2964), flood reduction capacity (0.2815), carbon storage capacity (0.2374), and vegetation vitality (0.1847). It was confirmed that such contributions differ, depending on the type of urban space. Type A had the highest contribution in flood reduction, types B–E had the highest contribution in heat reduction, while type F had the highest contribution in carbon storage. In addition, all six types were similar in that they had the lowest contribution in vegetation vitality.



The standard deviations of the relative contributions by type show a distribution of 0.043 to 0.1460. The closer the standard deviation value is to 0, the better the regulating service is in ideal harmony. Considering the contribution of the entire study area, as the standard deviation is 0.0435, it is roughly balanced, but clearly the regulating service by type is not balanced. Type A has a standard deviation of 0.0744, which is the most harmonious regulating service compared with the other types, while types B–D have a standard deviation of 0.1 or greater. The reason for this is that the contribution of vegetation vitality within the region was calculated to be lower than that of other ERS.





4. Discussion


The main results of this study are as follows. Assessment of the ERS confirmed that type A forests were the best compared with other types in terms of total amount and mean value. On the other hand, type C low-rise residential ERS were underperforming in all metrics. In addition, the mean value in all assessment indices follows the same pattern: namely, the order of forest, agricultural land, industrial and barren land, high-rise residential area, residential and commercial mixed area, or low-rise residential area, except in the case of heat reduction capacity. Even within the same residential area, high-rise residential areas provide more ERS than low-rise residential areas. This is because a high-rise residential area has a higher building height than a low-rise residential area, but the proportion of the building area is low, and a green space is secured around the buildings. Such results suggest that damage to forests and agricultural land should be minimized to strengthen ERS in the city in the future, and roadside tree planting and rooftop greening should be actively encouraged when developing low-rise residential areas.



The relative contribution analysis between the ERS confirmed that although they are in harmony with each other in terms of the entire study area, imbalances are displayed when analyzing by type. In particular, the contribution of vegetation vitality was the lowest for all types, and such imbalances were higher in mid-rise mixed (residential and commercial) and low-rise residential areas than in other types. The NDVI shows the vitality of vegetation, and in order to achieve a balance of ERS in the study area, adequate growth conditions should be created to help vegetation thrive both quantitatively and qualitatively. Of course, ensuring vegetation growth in areas that are already heavily urbanized can be very difficult. However, as shown in a study by Kim, Oh, and Lee [70], there are many potential areas in the city that can be used for rooftop greening and roadside tree planting. Therefore, vegetation vitality can be increased above current levels if rooftop greening, and roadside are actively introduced and continuously managed to ensure healthy growth conditions.



This study has the following planning implications from the viewpoint of improving the regulating service of urban ecosystem. In the current climate change crisis, efforts to improve ES are increasing. Therefore, many local governments are making policy efforts to expand green park spaces in the city and secure more green spaces in planning urban development. Recently, there have been increasing efforts to secure urban ecological space in terms of quantity and increase the qualitative value of ecological spaces to harmonize with ES. In this study, we specifically confirmed the types and spatial characteristics of services that are excellently (or inadequately) supplied through the analysis of the interrelationships of urban ERS. Local governments that plan and manage urban ES can, based on the results of such analyses, establish alternatives that can maximize the effectiveness of their plans. For example, when ERS are preferentially supplied to spaces with low total amount and mean, such as low-rise residential, in order to improve the vegetation vitality with the lowest contribution, it is possible to strengthen and balance ERS simultaneously. Hence, the results of this study can provide a useful basis in determining priority areas and the supply needed in formulating urban green space plans and forest restoration plans.




5. Conclusions


This study focused on flood reduction capacity, carbon storage capacity, and heat reduction capacity in Suwon City, South Korea, and assessed the balance of ERS by type of urban eco-spaces. Analysis determined that six types of forest area ERS were the best in terms of total amount and mean value, with low-rise residential areas being the most vulnerable. In addition, although the results were relatively harmonious in diagnosing the balance between the researched ERS, most areas did not achieve the balance in relative contribution, except for the forest area.



Among the six urban spatial types, the standard deviation of the relative contribution of the mid-rise mixed (residential and commercial) area was the highest, at 0.14, confirming that the imbalance within the type was the most severe. This study spatially identified areas with insufficient supply of ERS and areas with an imbalance. Local governments that want to improve urban ES will be able to enhance project effectiveness using these research results if they want to prioritize the expansion of parks and green spaces and restoration projects in the lowest-grade type, which lack in total quantity and performance. In addition, in the case of types with a similar total amount it will be possible to contribute to the virtuous cycle of the urban ecosystem by checking the balance of detailed ERS for each type and intensively improving the factors that make up the imbalance. However, this study has the following limitations: in addition to the selected assessment indices, the urban ecosystem provides regulating services, such as air pollution reduction capacity. In order to diagnose the balance of ERS more accurately, a comprehensive analysis and interpretation of the regulatory services not considered in this study are required. In addition, the usefulness of this study could be further increased if type of forest (evergreen tree species or deciduous tree species), type of agricultural land (paddy, field, or orchard), rooftop greening, green walls, and water spaces are included in the next analysis. Nevertheless, this study diagnoses the balance of ERS based on the interrelationships of various ERS, and it will be useful in establishing spatial plans to improve of ERS.
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Table A1. Linear regression slopes: entire study area.
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Table A2. Linear regression slopes: type A.
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Table A3. Linear regression slopes: type B.
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Table A4. Linear regression slopes: type C.
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Table A5. Linear regression slopes: type D.
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Table A6. Linear regression slopes: type E.
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Table A7. Linear regression slopes: type F.
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	x-axis: NDVI–y-axis: 100-CN
	x-axis: NDVI–y-axis: carbon storage
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	Y = 0.4462x + 0.1117
	Y = 0.3636x − 0.0447



	x-axis: NDVI–y-axis: evapotranspiration
	x-axis: 100-CN–y-axis: carbon storage
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	Y = 0.7067x − 0.1522
	Y = 0.5267x − 0.0499



	x-axis: 100-CN–y-axis: evapotranspiration
	x-axis: Carbon Storage–y-axis: evapotranspiration
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	Y = 0.4587x + 0.006
	Y = 0.784x + 0.0587
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Figure 1. Study procedure. 






Figure 1. Study procedure.
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Figure 2. The study area (Suwon City, Korea) (https://map.kakao.com/, accessed on 1 June 2021). 
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Figure 3. Relative contribution analysis method between ERS. 
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Figure 4. Results of classification of the study area. 
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Figure 5. ERS maps (a) vegetation vitality: NDVI; (b) flood reduction capacity: 100-CN; (c) carbon storage capacity: carbon storage capacity; (d) heat reduction capacity: evapotranspiration. 
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Figure 6. Results of the relative contribution analysis of urban ERS spider diagram. 






Figure 6. Results of the relative contribution analysis of urban ERS spider diagram.



[image: Applsci 11 09610 g006]







[image: Table] 





Table 1. Definition and analysis method of the ERS assessment indices.
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Assessment

Indices

	
Definitions

	
Analytic Methods

	
References






	
vegetation

vitality

	
distribution and vitality of vegetation

	
NDVI = (NIR − RED)/(NIR + RED)

NIR = near infrared

Landsat image

RED = visible red

Landsat image

	
calculation by using

Landsat 8 TM

band 4 (NIR), band 5 (RED)

	
Rouse et al. [42]

Weier and Herring [43]

Rozario et al. [44]




	
flood reduction

capacity

	
empirical parameter used in hydrology for predicting direct runoff

	
curve number

by land cover

	
Korean curve number

by land cover

	
Korea Ministry of Environment [53]




	
carbon

storage

capacity

	
vegetation

carbon

storage

	
carbon storage using

biomass of urban trees

	
vegetation

carbon storage =

CF  ×  Xi   ×   Wi

Wi = a(DBH)b

Xi = vegetation area

  ×   number of trees

	
CF: carbon fraction 0.5

Wi: biomass of trees

Xi: number of trees

DBH: diameter at breast height

a. b: biomass allometric

equations (broad-leaved tree

a: 0.1403, b: 2.4595/conifer

a: 0.1915, b: 2.1436)

	
Eggleston et al. [56]

Park and Kang [64]




	
soil

carbon

storage

	
carbon storage

in urban soil

	
soil carbon storage =

area   ×   soil carbon/ha

	
forest: 69.7 tC/ha

paddy: 60.6 tC/ha

crop: 45.9 tC/ha

etc: 11.5 tC/ha

(urbanized areas)

	
Korea Forest Service [65]




	
heat reduction

capacity

	
sum of evaporation

from land surface

plus transpiration

from plants.

	
measurement of

evaporation using Landsat 8 TM

	
EEFlux (Earth Engine

Evapotranspiration Flux)

	
Irmak [66]
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Table 2. Spatial characteristics for six types of urban space.
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	Type A

(n = 8378)
	Type B

(n = 3525)
	Type C

(n = 4530)
	Type D

(n = 4545)
	Type E

(n = 4493)
	Type F

(n = 2677)





	impervious surface ratio (%)
	9.43
	27.87
	86.9
	72.25
	70.12
	63.99



	vegetation area ratio (%)
	43.99
	0.88
	0.75
	2.19
	2.91
	2.99



	building height (m)
	0.92
	1.58
	5.64
	6.55
	17.19
	3.58



	building coverage ratio (%)
	1.38
	3.37
	32.28
	20.15
	14.11
	14.17
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Table 3. Descriptive statistics of ERS.
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	Vegetation Vitality

(NDVI)
	Flood Reduction

Capacity

(100-CN)
	Carbon Storage Capacity

(Carbon Storage (tC))
	Heat Reduction

Capacity

(Evapotranspiration (mm/day))





	min
	−0.0032
	8
	2.48
	0.00



	max
	0.88
	33.67
	60.42
	1.09



	mean
	0.45
	20.38
	15.17
	0.21
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Table 4. ERS for the entire study area and six types.
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Entire

Study Area

(n = 28,148)

	
Type A

(n = 8378)

	
Type B

(n = 3525)

	
Type C

(n = 4530)

	
Type D

(n = 4545)

	
Type E

(n = 4493)

	
Type F

(n = 2677)






	
vegetation

vitality (NDVI)

	
amount

	
12,571.80

	
6032.50

	
1420.10

	
1200.20

	
1382.80

	
1617.00

	
919.20




	
mean

	
0.45

	
0.72

	
0.40

	
0.26

	
0.30

	
0.36

	
0.34




	
flood reduction capacity

(100-CN)

	
amount

	
573,656.24

	
218,565.20

	
69,231.00

	
72072.30

	
80,219.25

	
83,749.52

	
49,818.97




	
mean

	
20.38

	
26.10

	
19.64

	
15.91

	
17.65

	
18.64

	
18.61




	
carbon storage

capacity

(carbon

storage (tC))

	
amount

	
426,963.5

	
272,008.8

	
51,257.2

	
23,031.7

	
28,802.1

	
29,684.4

	
22,179.3




	
mean

	
15.17

	
32.47

	
14.54

	
5.08

	
6.34

	
6.61

	
8.28




	
heat reduction

capacity

(evapotranspiration (mm/day))

	
amount

	
5859.50

	
3904.30

	
795.50

	
100.40

	
259.80

	
529.40

	
270.10




	
mean

	
0.21

	
0.47

	
0.23

	
0.02

	
0.06

	
0.12

	
0.11
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Table 5. Results of pairwise comparison analysis of ERS (eigenvector values).
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	Entire

Study Area

(n = 28,148)
	Type A

(n = 8378)
	Type B

(n = 3525)
	Type C

(n = 4530)
	Type D

(n = 4545)
	Type E

(n = 4493)
	Type F

(n = 2677)





	vegetation vitality

(NDVI)
	0.1847
	0.1504
	0.1031
	0.0995
	0.0973
	0.1273
	0.1321



	flood reduction capacity

(100-CN)
	0.2815
	0.3602
	0.2329
	0.2463
	0.1421
	0.2255
	0.2219



	carbon storage capacity

(carbon storage)
	0.2374
	0.2398
	0.2776
	0.2572
	0.29
	0.2498
	0.3377



	heat reduction capacity

(evapotranspiration)
	0.2964
	0.2496
	0.3864
	0.3971
	0.4706
	0.3974
	0.3082



	standard deviation
	0.0435
	0.0744
	0.1015
	0.1053
	0.1460
	0.0967
	0.0803
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