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Abstract: Urban green spaces offer various ecosystem services such as those for controlling the
urban microclimate, improving water circulation, and providing leisure and recreation opportunities.
However, it is almost impossible to create new, large green spaces in cities where urbanization has
been long underway. Consequently, small-scale green spaces such as green roofs and roadside trees
are gaining attention as features that can increase the effects of ecosystem services. Although the area
of individual buildings in urban areas is relatively small, the sum of building rooftop areas account
for a large portion of urban areas. Moreover, there are areas widely available throughout cities where
street trees could be planted. However, this requires large amounts of accurate databases (DBs) and
long-term spatial analyses to identify specific locations suitable for small-scale green facilities on
a citywide scale using a geographic information system (GIS). Consequently, in-depth research on
this topic has been insufficient. Thus, this study presents an algorithm to analyze locations where
green roofs and roadside trees could be introduced based on GIS spatial analysis and verifies the
effectiveness of the algorithm built for the city of Seoul. In addition, computational fluid dynamics
(CFD) modeling is performed to analyze the temperature reduction effect, the representative function
of ecosystem control services that can be brought about by the potential green spaces. The results
show that rooftop greening in study areas is possible in 311,793 of 742,770 buildings. The rooftop
floor area of buildings that can apply rooftop greening is 33,288,745 m2, which is about 50% of the
total area of the rooftop in Seoul. It was found that roadside trees could be planted on a sidewalk
with an extension length of 872,725 m and an area of 838,864 m2. A total of 145,366 trees can be
planted in the study area. In addition, it was shown that the introduction of green roofs reduced
temperatures by 0.13 ◦C to 0.14 ◦C and roadside trees reduced temperatures by 0.14 ◦C to 0.6 ◦C.
With the growing need to improve urban ecosystem services as a result of rapid climate change, the
algorithm developed in this study can be utilized to create spatial policies that expand and manage
urban green spaces and thereby contribute to the improvement of urban ecosystem services.

Keywords: green roof; roadside tree; location analysis; urban ecosystem services; computational
fluid dynamics model

1. Introduction

Various environmental problems caused by climate change are directly threatening
the ecological stability of cities, and urban ecosystem services are becoming vulnerable due
to population growth and reductions in green spaces. As a result, demand to improve the
health of urban ecosystems is constantly growing. In major cities worldwide, efforts are
being made to restore damaged urban ecosystems and secure additional urban ecological
spaces. For example, healthy city development projects are being implemented in more
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than 3000 cities globally, led by the World Health Organization (WHO), to improve urban
residents’ health and environments. In particular, because green spaces in cities offer
a various benefits that include providing habitats for organisms, controlling the urban
microclimate, reducing air pollution, preventing floods, providing leisure and recreation
opportunities, and saving energy [1–3], the expansion and utilization of parks and green
areas are widely considered as a representative means to achieve this objective [4–6].

In a city where urbanization has already considerably progressed however, it is almost
impossible to create new large green space due to high development demand and land
prices. As a result, small green spaces such as green roofs and roadside trees are gaining
attention as key features that can increase ecosystem services in cities. In urban areas,
the area of individual buildings tends to be small, but the sum of all buildings’ rooftops
accounts for a large area. For example, in New York City, the sum of building rooftops is
known to be 20 to 30 times the size of Central Park [7]. Rose, Akbari, and Taha [8] reported
that 20–25% of the total area of major U.S. cities such as Salt Lake City, Sacramento, Houston,
and Chicago is rooftop area. Notably, rooftops can be a good alternative for increasing
green spaces in cities where additional space is difficult to secure owing to high land prices
and various conflicts of interest [9,10]. As a result, several studies [11–14] were conducted
to effectively create rooftop greening and roadside trees in cities. Meyer [11] proposed
a conceptual description of the individual effects of trees and offers a guideline for tree
planting to increase such effects. Peper et al. [10] and Yumagulova and Vertinsky [11]
presented a species of trees that can effectively adapt to climate change, and the authors
provide their respective planting methods and management measures. Yeh and Chow [14]
established a geographic information system (GIS)-based location analysis algorithm in
Hong Kong’s Open Space Plan to calculate the amount of additional green spaces needed,
plus potential locations and areas according to the population. Wu et al. [15] assessed
possible locations for greening and the possible total amount of greening in Los Angeles
using GIS spatial analysis and considering the features of roadside trees.

However, for rooftop greening, in most cases, the possible areas are indirectly esti-
mated with a certain ratio of the total area of rooftops. In addition, even though relatively
clear installation standards exist for planting soil, drinking water density (per square meter),
and maintenance measures for rooftop greening, there is still insufficient research on the
characteristics of buildings suitable for rooftop greening and the available rooftops [16,17].
Although it is possible to analyze the possibility of greening with regard to the type, size,
and delivery method of trees, roadside trees have been planted by mainly relying on the
subjective judgment of planners in terms of landscape improvement. Unlike large-scale ur-
ban planning facilities, small-scale projects like rooftop greening and roadside tree planting
require the acquisition of detailed and extensive spatial-attribute data and various spatial
analysis functions including queries, overlapping, and buffers. Therefore, because of the
difficulties in data acquisition and limitations in computer performance, it takes a lot of
time and effort to analyze the potential locations for rooftop greening and roadside tree
planting for the entire metropolitan area. In the case of South Korea, relatively detailed data
on entire cities can be secured and is being updated regularly through national GIS projects
that have occurred six times. Furthermore, recent advances in CPU and GPU technology
have enabled detailed location analyses of small facilities across cities.

Meanwhile, with the increasing occurrence of abnormal weather and changing cli-
mates, the importance of temperature reduction among ecosystem control services is
growing. As a result, various studies [18–22] analyzed the temperature reduction effects
of rooftop greening and roadside tree planting. Wang and Akbari [18] and Park et al. [19]
emphasize that a lack of green areas in a city exacerbates the urban heat island phe-
nomenon, while roadside trees can reduce temperatures by increasing latent heat during
evaporation by blocking solar energy and creating shade. Susca et al. [20] found that air
temperatures could be decreased by introducing rooftop green areas based on monitored
temperatures in four neighborhoods in New York City where urban heat island phenomena
occur. Wang, Beradi and Akbari [21] measured the temperature of rooftop green spaces
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and found that temperatures decreased after sunset and that the surrounding air cooled
down during nighttime. Feng et al. [22] confirmed through an energy balance model that
rooftop greening in China during the summer months could result in a loss of solar energy
of up to 58% due to evaporation and a 30.9% exchange of longwave radiation, thereby
reducing temperatures.

With recent advances in computer technology, mathematical climate simulation mod-
els (MCSM) have been actively introduced and utilized in urban thermal environment
analysis, showing reliable results with relatively accurate performance [23–26]. Among
the MCSM, CFD models like Envi-met have been widely applied in the research field to
analyze air temperature differences due to rooftop greening and roadside tree planting.
Applying Envi-met, Ng et al. (2012) identified 0.5–1.7 ◦C air temperature reduction effects
due to additional rooftop greening. Wang, Beradi, and Akbari [21] applied a weather
simulation to observe temperature-reducing effects according to the height of trees and the
size of tree crowns and found a temperature difference of 1.2 to 3.3 ◦C depending on the
shading effects during the day. Rui et al. [27] analyzed air temperature variations in resi-
dential areas according to vegetation type, method, and planting density, and found that
increasing planting density is most advantageous for reducing temperature and improving
thermal comfort.

As such, several experimental studies were conducted on the effects of reducing
temperatures through rooftop greening and roadside planting, but there has been a lack
of research analyzing this effect in consideration of the locations and quantities that are
available for possible greening [28]. To support decision-making involved with solving
problems arising in complex urban spaces, it is necessary to build a data analysis model
based on a conceptual framework to achieve set goals [5,29]. To ensure the effectiveness of
urban greening, a detailed analysis is needed of how much greenery can be additionally
introduced into urban spaces. In addition, the spatial characteristics of suitable locations
of green roofs and roadside trees should be identified [30,31]. The scientific credibility
of urban greening plans would increase if the positive effects of rooftop greening and
roadside tree planting introduced could be proved where possible in a city.

This study (1) identifies the locational characteristics for rooftop greening and roadside
tree planting in urban spaces and to prepare an analytical DB, (2) establishes an analytical
algorithm to determine suitable locations and amounts of green roofs and roadside tree
based on GIS spatial analysis; (3) it also applies a location analysis algorithm to Seoul
Metropolitan City, a representative heat island city in South Korea; and (4) analyzes the
air temperature reduction effect from the additional green roofs and roadside trees using
the CFD model. The results of this study based on logical decision-making systems can
increase the efficiency and scientific feasibility of spatial planning for expansion of green
spaces in cities.

2. Materials and Methods
2.1. Identification of Locational Characteristics for Rooftop Greening and Roadside Tree Planting
and Preparation of Analytical Data

As rooftop greening takes place on the top floor of existing or new buildings, it is
crucial to consider the structural stability and morphological potential of buildings that
can withstand the weight of vegetation and aquaculture [32]. This study selected building
age, roof shape, and roof facilities among others, as the main variables of location analysis
to measure the structural stability of buildings. In addition, the sidewalks on which street
trees are to be planted must be sufficiently wide, excluding the area occupied by street trees
and on-road facilities, to ensure the safety of pedestrians [33]. Thus, this study conducted
roadside tree planting location analysis by focusing on two features: width of tree crown
and effective walking space (Figure 1).
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Figure 1. Conditions of suitable locations for rooftop greening and roadside planting. (a) Simplified 3D model for rooftop
greening. (b) Simplified 2D model for roadside planting.

Furthermore, the quality of decision making can be improved with various data
and information sharing, and one can expect the accuracy of the analysis outcomes to
depend on the accuracy and precision of the input data [34]. In addition, to ensure the
general applicability of the data analysis model, the use of standardized and verified
DB in the model is required. Therefore, this study utilized national spatial information
data, which is standardized and verified, in establishing the location analysis algorithm.
Input variables and DBs to be included in the algorithm were selected as shown in Table 1
so that the locational characteristics presented earlier could be reflected in the analysis.
The data presented in Table 1 were prepared, updated, and serviced based on regulation
for national spatial information of Korea. Accordingly, only data that have passed data
integrity verification can be released. The presented data also have high accuracy because
they are prepared to support urban planning, design, and management.

Table 1. Analytical data for the study.

Measures Data Name Field Type Precision
(Scale, Unit) Source

green roofs

building spatial data - .shp 1:1000 http://www.nsdi.go.kr
(accessed date: 1 June 2020)

building unit information year, roof type (flat or slope),
number of floors .txt building http://www.nsdi.go.kr

(accessed date: 1 June 2020)

building floor information area of rooftop, area of
existing facilities on the roof .txt building floor http://www.nsdi.go.kr

(accessed date: 1 June 2020)

existing green roof data area, x-y coordinate .txt - https://data.seoul.go.kr
(accessed date: 9 August 2020)

heliport data x-y coordinate .txt building https://data.seoul.go.kr
(accessed date: 9 August 2020)

roadside
trees

sidewalk width (m) .shp 1:1000 http://www.nsdi.go.kr
(accessed date: 1 June 2020)

Road - .shp 1:1000 http://www.nsdi.go.kr
(accessed date: 1 June 2020)

existing tree data x-y coordinate, amount .txt - https://data.seoul.go.kr
(accessed date: 9 August 2020)

2.2. Establishment of an Analytical Algorithmn to Determine Suitable Locations and Amounts of
Rooftop Greening and Roadside Tree Planting

Spatial decision-making for the deployment of public facilities requires the considera-
tion of interests between groups, requiring the processing and analysis of a large amount
of information. Furthermore, GIS spatial analysis is mainly utilized because accurate posi-
tioning and area calculation are essential for location analysis. Location analysis with GIS
spatial analysis involves input, storage, search, and analysis of data on an iterative basis. A

http://www.nsdi.go.kr
http://www.nsdi.go.kr
http://www.nsdi.go.kr
https://data.seoul.go.kr
https://data.seoul.go.kr
http://www.nsdi.go.kr
http://www.nsdi.go.kr
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data analysis model is essential for location analysis to proceed effectively. Moreover, most
data analysis models require repetition to effectively select rational solutions to problems
and optimal alternatives. This study represents the flow chart of the location analysis
algorithm such that spatial analysis functions are linked logically and sequentially and
implements an analytical algorithm with the GIS Model Builder (ArcGIS 10.5 developed by
ESRI) for iterative analysis to be performed effectively.

The rooftop greening and roadside tree planting location analysis model can provide
(1) an analysis of suitable spaces (buildings and sidewalks) and (2) a calculation of suitable
areas and quantities. National spatial information collected through GIS spatial analysis
is processed to derive buildings capable of rooftop greening and sidewalks capable of
accommodating roadside trees. Next, the characteristics of the suitable spaces (buildings
and sidewalks) are identified, and the suitable area and quantity are calculated. The
detailed location analysis process is as follows.

2.2.1. Rooftop Greening

Building data were processed utilizing spatial analysis functions such as a query for
linking spatial data and attribute data, overlay for selecting buildings that satisfy locational
characteristics, a measurement function for calculating building area, and geocoding for
building current data. In the analysis of locations for rooftop greening, structural safety
must be considered to ensure buildings can withstand the weight of vegetation and soil
after greening. According to the Act on the Improvement of Urban Areas and Residential
Environments in Korea and the related ordinance of the Seoul Metropolitan Government
(SMG), buildings over 30 years old are classified into high-risk buildings because they
cannot ensure structural safety. Therefore, buildings’ special data and unit information
were utilized to select buildings under 30 years old. In addition, in the case of slope roofs,
rooftop greening is impossible because the soil, grass, and trees cannot be safely secured.
The rooftop areas occupied by heliports also cannot introduce active greening to ensure the
safe take-off and landing of helicopters. From among the selected buildings, those with flat
roofs were selected again using roof type information and building unit information was
used to exclude buildings with heliports and those that have green rooftops already. The
suitable areas of rooftop greening were calculated using data on the area of the rooftop and
the area of existing facilities on the roofs drawn from the building floor information of the
selected buildings (Figure 2).

2.2.2. Roadside Trees

The Korean Ministry of Land, Infrastructure and Transport (MOLIT) [33] recommends
securing at least a 2 m width, excluding roadside facilities, to ensure safe and comfortable
walking for pedestrians. In addition, the SMG recommends securing at least a 1 m width
from the edge of driveways to the center of roadside trees. To secure a minimum pedestrian
space, sidewalks with a width of more than three meters were selected through spatial
queries using digital data on sidewalks and roads. Then, proximity analysis was applied
to the selected sidewalks so that trees would be planted within a meter from the bound-
ary area. In addition, current data on existing roadside trees were utilized to spatialize
attribute information, and those with existing roadside trees among the selected sidewalks
were excluded. Finally, the measurement function was used to calculate the length of
the selected planting space and the planting capacity. The SMG recommends planting
6 to 8 m apart in parallel with the road. In addition, according to statistics of the SMG
(https://data.seoul.go.kr, accessed date: 9 August 2020), it is reported that the tree crown
of almost all roadside trees in Seoul is six meters. Therefore, the planting capacity was
calculated under the assumption that all planted trees would be six meters apart (Figure 3).

https://data.seoul.go.kr
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2.3. Case Study 1: Application of the Location Analysis Model

This study applied a data analysis model to Seoul, a representative heat island city in
South Korea. To this end, the study area analysis DB and GIS S/W were utilized to identify
rooftop greening and roadside tree planting locations and to calculate their area. Seoul has
an area of 605 square kilometers and a population of 9.7 million people, and is a basin-type
city surrounded by mountains. Due to its highly concentrated development, heat island
phenomena occur frequently in Seoul (Figure 4a). According to the Korea Centers for
Disease Control and Prevention (KCDCP), the temperature has been increasing yearly, and
the number of heat patients in Seoul also grew from 27 in 2011 to 116 in 2019; the damage is
expected to continue. In response, the city government has been making efforts to reduce
heat islands through various pilot projects such as the introduction of green roofs and
the planting of roadside trees. There are a total of 742,770 buildings that were included
in the study area; if rooftop greening is actively introduced, the effect is expected to be
considerable. The city government established a plan to utilize rooftop greening in 2007
to create an institutional framework for expanding rooftop greening across the city, but
the pilot project was only partially implemented because the space needed was not clearly
identified. In addition, the study area is a mixture of old and new regions, and the age of
buildings, roof forms, and walking widths vary depending on the region, making it a city
suitable to apply the location analysis model developed in this study.
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Figure 4. The study area (Seoul, South Korea). (a) Satellite image (Source: http://maps.kakao.com, accessed date:
20 August 2020) and administrative boundary. (b) Distribution of daily average temperatures of the study Area. (Source:
Observation Data from Korea Meteorological Administration (public) and SK teckX (private) Automated Weather Systems;
no precipitation in 2017; average daily cloud amount below 3; the average air temperature of the nine days when the
average wind speed is below 5.4 m/s).
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Figure 4b maps out the average daily temperature using spatial interpolation based
on the results of 280 automatic weather observation stations in operation within the study
area. It can be confirmed that heat island phenomena are occurring frequently around the
interiors where urbanization has long been underway. The heat island areas in the study
area are relatively large, accounting for 23.88% of the total area, and strong heat island
phenomena are evident in the east-west direction. Moreover, large-scale heat island areas
are distributed in the eastern part of the study area.

2.4. Case Study 2: Analysis of Air Temperature Reduction Effect by Rooftop Greening and
Roadside Tree Planting

It is important to first consider areas where rooftop greening and roadside tree planting
require high financial costs and where temperature reduction effects can be maximized
even if the area is small. This study selected three of the heat island areas presented in
Figure 4b with different urban climate zone types of Lee, Oh, and Jung [35] as the targets
of case study 2 (Table 2 and Figure 5).

Table 2. Urban spatial characteristics for study areas A, B and C.

Study Area A Study Area B Study Area C

land usage residential and commercial residential residential
building coverage ratio (%) 65 70 40

floor area ratio (%) 190 200 138
impervious surface ratio (%) 90.5 100 65

building floor mean 3 2 15
standard deviation 2.38 0 0
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This study analyzed the effectiveness of temperature reduction by rooftop greening
and roadside tree planting by applying Envi-met (ver. 4.0), which is a CFD model. The
simulation day (one day) was selected in the summer period of 2015 (June–August) when
there is no precipitation, the wind is calm, and there are few clouds, to minimize the impact

http://maps.kakao.com
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of weather side effects. Running the Envi-met modeling requires data from the main
configuration file and area input file. The main configuration file contains weather-related
information such as the simulation date, time, temperature, humidity, wind direction,
wind speed, and roughness. The location, placement, height, floor pavement, location
and type of trees and vegetation, and soil information of each building are input. Most
urban areas are covered with asphalt: it is known that asphalt albedo has a value between
0.1 and 0.15 [36], arboreal albedo is between 0.12 and 0.18, and grassland albedo is between
0.16 and 0.26 [37]. This study set the albedo of rooftop greening to 0.26, assuming a plant
species that can maximize solar reflection would be planted. A default value of Envi-met
was applied as the albedo of other roofs, walls, and asphalt. Meanwhile, the leaf area index
(LAI) was set at 3.0 considering that the study areas for case study 2 were urban areas.
The diameters of tree crown and tree height were set to a value close to the study area’s
current vegetation (Table 3). In addition, the study analyzed the effect of temperature
reduction through a simulation of the temperature at two meters above the ground as felt
by a pedestrian and a comparison of temperatures before and after greening.

Table 3. Main Configuration File for Envi-met.

Categories Input Condition

integration period 10 June 2015. (24 h)

resolution (m) stud area A and B: 2 m × 2 m × 3 m
study area C: 5 m × 5 m × 4 m

initial temperature (◦C) 24.9 ◦C
wind speed (m/s) 2.0

wind direction 215.3
roughness 0.1

relate humidity in 2 m (%) 40

Experiments

building albedo of roofs and walls: 0.3
soil asphalt (Albedo: 0.2)

green roof (a) grass (Albedo: 0.26)
roadside tree (c) height: 23 m, width: 30 m, LAI: 3.0

3. Results
3.1. Application Outcomes of Spaces for Rooftop Greening and Roadside Tree Planting

The application of the developed algorithm to identify locations suitable for rooftop
greening and roadside tree planting within the study area are shown in Figures 6 and 7. The
satellite imageries of the study area were compared with the analysis results, and accuracy
of acceptable levels were identified. Excluding buildings that are over 30 years old and
that have sloped roofs or have already applied green planting, rooftop greening is possible
in 311,793 of 742,770 buildings. This is about 42% of all buildings in the study area, and it
means that green roofs can be applied to a considerable number of buildings. Among the
25 districts in Seoul, the administrative district that is most applicable for rooftop greening
is district A. This is because compared with other areas, the buildings recently constructed
in the area mostly have flat roofs. The total rooftop floor area of Seoul is 67,128,199 m2,
and the rooftop floor area of buildings that can apply rooftop greening is 35,230,926 m2.
Excluding the total area of 1,942,179 m2 of auxiliary facilities installed on rooftops, the area
suitable for rooftop greening is 33,288,745 m2, which is 50% of the total rooftop area of
Seoul. District B was found to have the most rooftop green areas. The results are different
from those in areas where many rooftop-green buildings are suitable. That is because
buildings in district B tend to be older than those in district A, but the area of an individual
building tends to be greater (Figure 6).
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The results determined that roadside trees could be planted on a sidewalk with an
extension length of 872,725 m and an area of 838,864 m2. A total of 145,366 trees can be
planted in the study area if one tree has a diameter of 6 m. This excludes the sidewalk
section around the site of the urban development project, which is currently underway, and
more roadside planting is expected in the future if the section is included. The areas where
the most street trees can be planted is District C. This is because the municipal maintenance
project in District C has secured more sidewalk space than other areas (Figure 7).

Meanwhile the area and quantity of greening and tree planting in the location of
case study 2 are shown in Figure 8 and Table 4. According to the locational criteria of the
developed algorithm, study area B is 1.5 times larger than study area A in terms of the
area suitable for rooftop greening. Moreover, 107 more roadside trees can be planted in
study area A than in study area B. Study area C does not have buildings that are suitable
for rooftop greening due to the age of the buildings and because most regions, excluding
buildings and roads, are already greened, so only boundary areas are suitable for planting
roadside trees.
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Table 4. Suitable areas for rooftop greening and roadside tree planting in study areas A, B, and C.

Study Area
Total Number of Buildings Green Roof Buildings Roadside Tree Planting

Count Area (m2) Count Area (m2) Amount

A 465 69,599.52 117 18,192.64 290
B 718 49,110.43 372 32,058.68 83
C 59 42,214.21 - - 173

3.2. Temperature Reduction Effect Due to Additional Rooftop Greening and Roadside Tree Planting

The analysis outcomes of rooftop greening and roadside tree planting were trans-
formed into entry materials for weather simulation (Figure 9), and an analysis was con-
ducted for 24 h for temperatures at 2 m above ground level by scenario. Figure 10 presents
the temperature analysis of the time zone with the largest temperature difference by study
area. It can be confirmed that the temperature inside the study areas was reduced due to
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rooftop greening and roadside tree planting. Furthermore, roadside tree planting produced
a better temperature reduction effect than rooftop greening.
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The average daily temperature of study area A was 26.67, with a range of 21.17 ◦C
to 31.93 ◦C. By scenario, both rooftop greening and roadside tree planting scenarios had
the highest average temperature at 18:00. Compared with the existing condition, rooftop
greening was 0.13 ◦C at 21:00 and street tree planting was 0.6 ◦C at 20:00 (Figure 11). The
daily average temperature of the study area B was 27.17 ◦C, ranging from 21.16 ◦C to
33.08 ◦C and exceeding 30 ◦C from 14 h. Compared with the existing condition, rooftop
greening was 0.14 ◦C at 19 h and roadside tree planting was 0.14 ◦C at 21:00, showing
maximum temperature reduction during nighttime (Figure 12). On the other hand, the
study area C, which mostly consists of old apartments, had a daily average temperature
of 28.3 ◦C, with a range of 22.1 ◦C to 34.1 ◦C. The minimum temperature was 22.10 ◦C at
01:00 and the maximum temperature was 34.12 ◦C at 16:00. The maximum temperature
reduction effect from street tree planting was 0.47 ◦C at 18:00 (Figure 13).
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The temperature reduction effect of study area B was 0.1 ◦C, higher than study area
A, although study area B has 1.8 times more rooftop green areas than study area A. The
temperature reduction effect was very small compared with the area of rooftop greening,
which is believed to be the result of the temperature reduction effect in the rooftop layer
failing to reach the ground level. Prior studies [28,29] have shown that the effect of
temperature reduction from rooftop greening diminishes as it gets closer to the ground. On
the other hand, the effects of roadside tree planting have been shown to increase and are
related to the number of planting possibilities. The number of roadside trees that can be
planted was 290 in study area A, 83 in study area B, and 173 in study area C, respectively,
with maximum effects of 0.59 ◦C, 0.47 ◦C, and 0.14 ◦C. This is because unlike rooftop
greening, the effect of temperature reduction brought by roadside trees directly affects the
change in temperature at ground level. Unlike areas B and C, area A allows for the internal
planting of roadside trees and is able to produce a greater effect (Table 5).

Table 5. Temperature reduction effect of rooftop greening and roadside tree planting.

Simulation
Air Temperature (◦C)

A B C

existing condition mean (day) 26.67 27.17 28.33
max (hr) 31.93 (18:00) 33.08 (18:00) 34.12 (16:00)

rooftop greening
mean (day) 26.64 27.11 -

max (hr) 31.82 (18:00) 32.96 (18:00) -
reduction effect (hr) H0.12 (21:00) H0.14 (21:00) -

roadside tree planting
mean (day) 26.43 27.11 28.11

max (hr) 31.36 (18:00) 32.95 (18:00) 33.74 (16:00)
reduction effect (hr) H0.59 (20:00) H0.14 (19:00) H0.47 (18:00)

4. Discussion

The main findings from this study are as follows. It was found that rooftop greening
is possible for 311,793 buildings (42% of all buildings). The total suitable area for rooftop
greening is 33,288,745 m2, which is 50% of the total rooftop area of Seoul. The total park
area of Seoul is about 168,890,000 m2. Thus, about 20% of total green areas could be
increased, once suitable rooftop areas are completely changed to green roofs. In addition,
145,366 additional plantings are possible in the study area. Such results show that even
if many roadside trees (about 403,161) are already planted in the study area, additional
roadside trees can be planted in many other spaces.

This study analyzed the effects of temperature reduction resulting from rooftop green-
ing and roadside tree planting through Envi-met simulations. It was shown that the
introduction of green roofs reduced temperatures by 0.13 ◦C to 0.14 ◦C and roadside trees
reduced temperatures by 0.14 ◦C to 0.6 ◦C. Both greening and tree planting showed maxi-
mum temperature reduction after sunset, when latent heat effects begin to increase. The
maximum temperature reduction effect did not differ much from prior research, but the
temperature reduction effect was measured at a somewhat lower value. This is because
unlike prior studies [38,39], this study applied only the actual applicable rooftop green
locations. The effect of roadside trees has also been reported to reduce temperatures by
up to 1.2–3.3 ◦C [18], but in this study, it was found that the effects were not as strong
because roadside tree planting was mainly possible around the sites. This means that the
physical form of urban spaces not only determines the planting areas and locations, but
also the effects.

Meanwhile, the results of this study are expected to be useful for establishing greenery
planning of local governments. Rooftop greening and roadside tree planting are classified
as public goods that are publicly supplied. The local government should first identify
what areas and how much room is available for the effective supply and management of
rooftop greening and roadside trees. However, green roofs and roadside trees are very small
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compared with other urban facilities, and suitable spaces are widely distributed throughout
cities. In addition, there is no specific analysis of where the facilities could be introduced
due to the lack of analysis data and the vastness of the data. This study specifically analyzed
suitable locations, areas, and quantities of rooftop greening and roadside tree planting in a
metropolitan city. In addition, the entire processes were developed by using an automated
data analysis model, and thus the speed and convenience of planning the introduction and
expansion of green areas was increased. Based on the study results, the local government
can determine the priority of greening by considering factors such as frequently effected
urban heat island areas, heat vulnerable dense areas, areas where temperature reduction
effects can be greatly shown, and the willingness of building and landowners to participate.

Meanwhile, this study has the following limitations: this study mainly focused on
physical factors such as building stability, building shape, rooftop shape and facilities,
walking spaces, and tree crown in the analysis of suitable areas for rooftop greening and
roadside planting. In reality, rooftop greening and roadside tree planting are not possible
in all areas identified by the analysis results. In fact, the actual feasibility of green space
projects is often determined by the policies and efforts of local governments, available
budgets, and the willingness of building or landowners to participate. Above all, social
welfare considerations that should involve many benefits for urban residents in vulnerable
situations are also needed. In addition, the effects of promoting ecosystem service including
microclimate control, flood control, and carbon storage can be determined by the greening
methods (species, scale, planting method, etc.), so it is necessary to study the landscape
planning and design that can improve this effect in total. Thus, in order to increase the
usefulness of this study, further research on the integrated analysis for the greening priority
should be followed to consider the physical (spatial and locational) and non-physical
(economic and social) factors.

5. Conclusions

Small green spaces such as green roofs and roadside trees are attracting attention as
planning factors that can increase the effectiveness of ecosystem services. This study built
an automated data analysis model to determine suitable areas for rooftop greening and
roadside tree planting. A case study specifically maps the location, area, and quantity of
green roofs and roadside trees in large cities and verifies the usefulness of the developed
analytical algorithm by analyzing the expected temperature reduction effects of planting in
potential spaces. Through such a case study, the effects of rooftop greening and expanding
roadside tree planting in an actual location is analyzed in detail. In addition, by establishing
a data analysis model to specifically analyze the location, area, and quantity of each
greening technique, the speed and convenience of planning the introduction and expansion
of green areas in cities was increased. Once the priority of greening is comprehensively
analyzed by considering the physical (spatial and locational) and non-physical (economic
and social) factors, the usefulness of this study will increase more. Nevertheless, a reliable
national spatial DB and GIS spatial analysis-based small green facility location analysis
algorithm can be useful as a planning tool to expand green areas and improve ecosystem
services in cities.
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