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Abstract: Understanding urban forms vulnerable to urban heat islands provides urban planning
measures to improve urban heat islands and offering insight into different sustainable urban forms.
The purpose of this study was to investigate the relationship between the urban heat island effect and
urban forms, to explore which urban forms are vulnerable to this effect, and to present urban planning
measures to alleviate urban heat islands. This study also conducted an analysis on two scales, the
macro- and micro-dimensions, to develop policy suggestions for urban heat island mitigation. In the
macro-scale analysis, the relationship between urban shape and urban heat islands was investigated
through a statistical approach using a regression equation, and in the micro-scale analysis, a spatial
analysis method using urban climate zones (LCZs) was used.

Keywords: urban form; compact city; urban sprawl; urban heat island; local climate zone; South Korea

1. Introduction

Which urban forms are vulnerable to urban heat islands? Answering this question
provides not only deriving urban planning measures to alleviate urban heat islands but
also providing clues for the debate on sustainable urban forms that has long been discussed.
There has been considerable skepticism until recently, but a consensus has been reached
that a compact urban form provides the most sustainable future, and several studies have
suggested that a compact city is an urban form to solve various urban problems [1–8].

However, it is questionable whether the compact city is the ideal urban form for
solving all urban problems. This question arises because urban problems appear in various
fields, and even if the compact urban form is effective in alleviating or solving an urban
problem, it could worsen another one. This issue can occur with urban heat islands, and
several studies have proven that the compact city is vulnerable to the urban heat island
problem [9–11]. A form that collects people, facilities, or services in specific spaces, such
as downtowns and subcenters, is not ideal for urban heat islands. However, in terms of
urban planning, cities should not be expanded disorderly in sprawled form. Because urban
sprawl causes several urban problems, such as increased vehicle miles traveled (VMT),
increased energy consumption and air pollution, higher infrastructure, and public service
costs, reduced land resources, declined original city centers, and decreased natural value [1].
Urban planners and policymakers should seek ways to mitigate the effects of urban heat
islands while maintaining compact urban forms.

The necessity and motivation of this study can be summarized as follows. (1) Com-
pact city has the potential to worsen some urban problems, especially urban heat island
problems. (2) Nevertheless, the compact urban form must be maintained for sustainable
urban development. (3) Therefore, research is needed to accurately identify the relationship
between urban form and urban heat island, and to derive strategies to mitigate the effect of
urban heat island while maintaining a compact urban form. (4) Such work can not only
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derive an urban heat island mitigation strategy, but also provide a key to a sustainable
urban form. This study was conceived with this discussion in mind.

This study investigated the relationship between the urban heat island effect and
urban form, examined which urban forms are vulnerable to this effect, and provided urban
planning measures to alleviate urban heat islands. By performing micro- and macro-scale
analyses, this study was able to make policy suggestions for urban heat island mitigation.
The reasons for performing the multiscale analysis are as follows.

First, urban forms have a profound effect on the urban thermal environment and
urban sustainability because of the strong “lock-in” effect on changes in urban forms [11].
This effect happens because most environments already built are irreversible, and these
changes require enormous costs; once a city is built, it is almost impossible to significantly
modify its form [12]. Second, the effect of urban form on urban heat islands may vary
depending on vertical scales (urban screen, canopy, and boundary levels) and horizontal
scales (mirco-, local, and regional scales) [10,13]. These two facts indicate that the effect
of urban form on urban heat islands should be approached using various scales, and in
particular, the “lock-in” effect of urban forms suggests that the relationship between urban
form and urban heat islands should be considered from a microscopic perspective. In
addition, a multiscale analysis can be an effective strategy for exploring vulnerable urban
forms and seeking ways to mitigate urban heat island effects.

Meanwhile, attempts to analyze urban heat islands through the urban form approach
have been discussed in several studies [9–11,14–17]. The direction of this study is the same
as that of previous studies in that it analyzes the effect of urban form on urban heat islands
through various urban form characteristics. However, it is different from previous studies
in that the influence of urban forms was analyzed on two scales to verify the research
hypothesis. In addition, this study has more differentiated implications in that it has
developed the discussion of previous studies into a discussion of sustainable urban forms.

2. Theory and Previous Research

Because of the rapid urbanization trend, urban heat islands are now common in cities
around the world, explaining the rise in temperature in urban areas compared to the
surrounding environments. Temperatures in urban areas, which are higher than those
outside cities, have a significant impact on the health and welfare of the people living
there, and these higher temperatures lower water quality and increase energy consumption,
air pollutants, and greenhouse gas emissions [18–21]. In addition, because the duration
and frequency of heat waves have increased over the past several decades due to climate
change, the damage caused by urban heat islands is expected to intensify [22]. The urban
heat island effect occurs when artificial modifications of the natural landscape results in
atmospheric and thermophysical changes of the urban boundary layer [10]. For example, as
urban development and population density increase, existing natural surfaces are replaced
with impermeable surfaces, resulting in a continual increase in overall urban heat release
that often leads to urban heat island effects [16]. Structures such as buildings, roads, and
other infrastructures absorb and reabsorb more heat from the sun than natural landscapes
such as forests and water. Urban areas with highly dense structures and limited green areas
become “islands,” and these thermal pockets are called heat islands. This mechanism of
the urban heat island effect suggests that taking an urban-form approach to the urban heat
island phenomenon is important.

The United States Environmental Protection Agency (EPA) cited the causes of heat
islands as the reduction of natural landscapes in urban areas, urban material properties,
urban geometry, heat from human activities, weather, and geography. Urban geometry
causes include the dimensions and spacing of a city’s buildings that affect the wind flow and
the ability of urban materials to absorb and emit solar energy. The more highly developed
areas are, the more the blocked surfaces and structures become large masses that cannot
easily dissipate heat. From these characteristics, it can be inferred that the intensity of
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the heat island phenomenon varies depending on the form of urban development within
the city.

As mentioned in the introduction, the effect of urban forms on urban heat can appear
on vertical and horizontal scales. Studies based on horizontal scales (micro-, local, and
regional scales) have the advantage of being able to derive mitigation measures according to
each scale because the individual contributions of each factor appear differently depending
on the scale [13]. For example, it is possible to develop mitigation measures from a
macroscopic perspective by comparing which factors affect urban heat islands in different
cities. In addition, temperature can vary within the city. Some places are hotter than others
because of uneven distributions of heat-absorbing buildings and packaging, whereas others
remain cool from trees and green areas. Because these temperature differences create heat
islands, it is possible to derive solutions to address the problem, even on a micro-scale.

The relationship between urban forms and urban heat islands has been proven in
several studies. Most of these studies were conducted at the urban level, and this re-
lationship was proven using statistical methodologies, including regression analyses of
dozens to hundreds of cities [10,11,14–16]. A characteristic of these studies is that most
tried to express the urban form using variables representing geometric cities. Using indices
representing fractal geometry, urban compactness [10,11,15], spatial connectivity [11], and
shape of a long and narrow city [10,11], these studies grafted the relationship between
geometric variables and urban areas to the urban heat island.

Efforts have also been made to investigate the relationship between urban form and
urban heat islands at the microscopic level [16,17,19,23]. Micro-scale research can be
divided into two broad categories: studies on specific urban factors that affect the urban
heat island and studies that divide cities into more detailed development types. Those in
the first category investigated land use that significantly affects urban heat islands, such as
impermeable surfaces and green areas [19,23]. Those in the second category identified the
micro-unit urban forms vulnerable to urban heat islands through a micro-unit zone called
the local climate zone (LCZ) [16,17].

3. Research Design
3.1. Research Framework

To investigate the relationship between urban form and urban heat islands at the
macro- and micro-levels, we divided the analysis into two approaches. Borrowing from
previous studies that the impact of urban form on urban heat islands might appear dif-
ferently depending on the scale, this plan allowed for making policy suggestions for each
scale. By doing so, we hoped to further the discussion on ideal urban forms. In the macro-
scale analysis, the relationship between urban form and urban heat islands was identified
through a statistical approach using a regression equation, and a spatial analysis method
using LCZ was used for the micro-scale analysis. The related research framework is shown
in Figure 1.

Figure 1. Conceptual framework of research.
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This study was conceived by questioning which urban forms are vulnerable to urban
heat islands. Through the process of establishing and verifying the following hypotheses,
we continued discussions on urban forms and sought measures to improve urban heat
islands according to urban spatial structure and form.

Hypothesis 1. Compact urban forms will reduce the urban heat island effect.
(1-1) Cities in a dense form will show a lower urban heat island effect.
(1-2) Cities a compacted fractal form will show a lower urban heat island effect.
(1-3) Cities with higher spatial connectivity of development sites will show a lower urban heat
island effect.
(1-4) Cities with a non-dispersed development pattern will show a lower urban heat island effect.

Hypothesis 2. No difference in surface temperature will be found for different urban climate zones
within the city where the urban heat islands appear.

Research hypothesis 1 was conceived for macro-scale analysis, and detailed hypotheses
were established regarding the effects of various characteristics of urban forms on urban
heat islands. Research hypothesis 2 was conceived for micro-scale analysis, and it was
devised to understand significant differences in temperature in detailed units, along with
the urban heat island effect appearing in urban units.

3.2. Case Area and Spatial Scope

Korea served as the case area for this study for the following reasons. First, located in
the mid-latitude zone, Korea has the characteristics of a temperate climate with four distinct
seasons. Although Korea has a relatively low latitude and is a peninsula surrounded by
sea on three sides, it has long summers with remarkably high temperatures, making it a
suitable case area for analyzing urban forms vulnerable to urban heat islands during the
summer. Second, several studies have provided evidence that urbanization can change
local climates [24–27], and urbanization aggravates urban heat islands [28]. Korea has
experienced rapid growth that is hard to find elsewhere. Because of its narrow territory,
population overcrowding continues, and urbanization has progressed quickly because
of rapid economic growth. Metropolitan areas have very high population densities and
urbanization rates, making them suitable case areas for urban heat islands. Third, in Korea,
the difference in urbanization levels between cities is very high. Unlike metropolitan areas
and large cities, which have high urbanization rates, small and medium-sized cities are
experiencing a rapid decrease in population, and the economic growth and urbanization
rates in these areas show a big gap compared with large cities [29]. Therefore, Korea is ideal
for analyzing the effects of urban heat islands according to various urbanization levels.
The spatial scope of this study consisted of 145 cities (73 si (cities), 65 gun (counties), and
7 metropolitan cities) selected for research design and data limitation reasons, and was
used to select cities with comprehensive plans that include measures to address urban heat
islands effectively (Figure 2). In addition, regarding land cover maps, which were necessary
data for the independent variables, the border areas were removed because disclosure
was restricted under Article 13 of Korea’s Environmental and Spatial Information Security
Management Regulations (disclosure and utilization of spatial information).
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Figure 2. Case area map.

4. Data and Method
4.1. Urban Heat Island (UHI) Intensity

To calculate the land surface temperature (LST), we used summer data (June to Au-
gust, 2018 to 2020) from MODIS, the Moderate Resolution Imaging Spectroradiometer
(Aqua 8-day complex; MYD11A2, version 6). This product uses a physical-based method,
or a split-window method, to accurately estimate the surface radiation and recover the
temperature [30,31]. The error of MODIS LST products is usually within ±1 K [32,33],
and the product version used has better cloud contaminated LST removal in level 2 and
level 3 LST products than previous versions. This product provides both daytime and
nighttime LST, and since daytime surface UHI is more pronounced than nighttime, this
study focused on daytime LST [10]. The ocean and other zero pixels were not processed,
and the multiyear summer average LST was calculated based on the LST data processed in
Equation (1) for a total of 36 images.

LST = (x ∗ 0.02)− 273.15 (1)

The UHI intensity of each city is the difference between the temperature of the urban
area and the temperature of the suburban area of the city, and it is expressed as Equation (2).

UHII(∆T) = LSTurban − LSTbu f f er (2)

The temperature of the suburban area used in Equation (2) is calculated differently
in different studies using urban heat island intensity. The first method is to designate a
buffer of a certain radius for each city. In this method, all urban areas are set uniformly
with buffers of a certain radius (5 km, 10 km, etc.), or the urban buffer radius is calculated
through a series of equations based on the radius of each city [11]. The second method sets
a buffer for a high-intensity urbanization area. Studies employing this method use satellite
data to calculate a high-intensity urbanization area and set a buffer with a radius of 2 to
3 km for the area [34,35]. In addition, another method of calculating the intensity of urban
heat islands is dividing the target area into urbanized and non-urbanized areas without
using buffers and calculating the difference in LST between urbanized and non-urbanized
areas [36].

In this study, the LST of the suburban area was calculated by setting a buffer based on
the urbanization area. Unlike in other studies, the urbanization area was not calculated
from land cover data based on satellite products but from the urbanization area boundary
data provided by the Ministry of Land, Infrastructure, and Transport’s National Spatial
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Information Portal. This method was used because it is difficult to calculate a high-intensity
urbanization area when using satellite-based land cover data, and the accuracy of buffer
settings is poor because several sizes of urbanization areas are distributed. In contrast,
the urbanization area boundary data used in this study included spatial information and
attributed information for all urbanization areas. As shown in Figure 3, not all large and
small urban areas were included, and high-intensity urbanization areas were concentrated.

Figure 3. Sample of development area data.

In this study, the buffer of the calculated high-intensity urbanization area was set
according to the city unit. This setting was chosen because urbanization areas in large
Korean cities, such as metropolitan cities, are widely distributed enough to account for
most of the city’s total area, and small and medium-sized cities near metropolitan cities
are also widely distributed, resulting in overlapped buffers in nearby cities. Therefore, as
shown in Figure 4, the buffer’s radius in the suburbs of metropolitan cities was set to 1 km,
and the buffer’s radius in other cities (si) and counties (gun) was set to 2 km. Figure 5
shows the urban heat island intensity calculated using the above methodology.

Figure 4. Sample of buffer.
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Figure 5. UHI intensity map.

4.2. Urban Form Index

At the macroscopic level, the characteristics of urban forms related to urban heat
islands include city size, compactness, distribution, and connectivity (Table 1). Regarding
city size, several studies have suggested that large cities tend to have higher UHI inten-
sities [10,37]. Evidence also exists of the association between the urban heat island effect
and urban compactness and dispersion [38,39]. When air conditioner use increases in
summer in a compact urban structure, hot air is excessively discharged into the outdoor
environment, and a city’s high density may increase humidity, interfere with the natural
ventilation pattern, and reduce passive cooling through evaporation and proliferation.
As a result, the development of a compact city that has not implemented appropriate
cooling measures, such as expanding green spaces, may enhance the urban heat island
effect because of changes in the urban microclimate [40]. In addition, at the fractal level, it
has been found that city compactness is related to urban heat islands [10]. Connectivity
is related to resilience in urban heat island reduction. Implementing appropriate urban
design for landscape connection can prevent urban landscape fragmentation, ease urban
heat islands, and improve air quality, flood control, management, and access to ecosystem
services [40–42].

Table 1. Characteristics of urban forms related to urban heat islands.

Scale
Hierarchy Size Compactness Sprawl

(Distribution) Formality Poly-
Centricity

Mono-
Centricity Connectivity

# # # # #

The circled characteristics are related to urban heat islands. Extracted and modified from Sharifi (2019).

The indices for urban form are classified into several categories, including Entropy
Index, Gini Coefficient, Global Moran’s I index and Fragstats Index. In this study, the
Fragstats Index was used to match the hierarchy between two different scale analyses. In
the micro-scale analysis LCZ (Local Climate Zone), which is land cover-based data, was
used. For comparison with the micro-scale, land cover-based data (Fragstats Index) was
also used at the macro–scale.

For this study, urban geometry variables were used for the urban form index. To
calculate the data, the land cover map (2018–2019) provided by the Korea Environmen-
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tal and Spatial Information Service was processed, and the landscape ecology program
FRAGSTATS was used. FRAGSTATS can obtain the landscape index at three levels (patch,
class, and landscape) and is useful for obtaining geometric values, such as fragmentation
and connectivity [43]. In this study, the fractal dimension index (FRAC), continuity index
(CONTIG), and aggregation index (AI) were used (Table 2). The fractal dimension index
represents the complexity of the shape and the compactness of the geometric city in the
fractal dimension. The continuity index represents the spatial connectivity of each land-
scape cell, and the higher this index, the more the landscape is connected without breaks.
The aggregation index indicates how unfragmented and aggregated the urbanized areas
are, and the higher the value, the more relaxed the degree of urban sprawl

Table 2. Formulae of urban form indices.

Data Formula & Meaning

FRAC
FRAC =

2 ln(0.25pij)
ln aij

where pij is the perimeter (m) of patch ij; and aij is the area
(
m2 ) of patch ij

Meaning: Shape complexity across a range of spatial scales

CONTIG

CONTIG =
∑z

r=1 cijr
aij

− 1/(v − 1)
where cijr is the number of sub − areas; v is the sum of the values in a 3 − by − 3 cell template; and aij is the

area of patch ij in terms of number of cells
Meaning: Spatial connectivity of cells within grid cell patches

AI

AI = gij
max−gij

∗ (100)
where gij is the number of like adjacencies (joins) between pixels of patch type; and max − gij is the

maximum number of like adjacencies (joins) between pixels of patch type
Meaning: Degree of adjacent distribution of patches

4.3. Control Variables

To remove the influence of the third variable acting between the urban form and the
urban heat island variable, control variables were selected: the digital elevation model
(DEM), which controls the influence of urban heat islands due to geographical factors, and
the normalized difference vegetation index (NDVI), which controls the influence of urban
heat islands due to vegetation. In the case of DEM data, the 90M DEM dataset provided
by the National Spatial Information Portal was used. For the NDVI index, the multiyear
summer average NDVI was calculated using the MODIS Terra 16-day complex (MYD11A2,
version 6) NDVI product for summer (June–August) from 2018 to 2020. Table 3 shows the
descriptive statistics for all described variables.

Table 3. Descriptive statistics for variables.

Variable Time Range Mean SD Min Max

Urban heat island intensity (°C) 2018–2020 2.28 1.19 −1.28 6.08

Population 2018–2020 343,518.7 919,407.1 17,013.7 9,721,065

Area (m2) 2018–2020 6.15 × 108 3.44 × 108 33,169,647 1.86 × 109

Urban develop density (m2) 2018–2020 0.0578 0.1099 0.0003 0.6153

FRAC index 2018–2019 1.022 0.009 1.008 1.051

CONTIG index 2018–2019 0.095 0.039 0.044 0.221

AI index 2018–2019 50.88 19.62 18.91 93.88

DEM (m) 2020 196.47 154.7 13.96 899.76

NDVI 2018-2020 0.745 0.088 0.457 0.87
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4.4. Multiple Regression Analysis

For macro-scale analysis, the effect of each urban form’s characteristics on the urban
heat island effect was identified to analyze vulnerable urban forms at the city level. There-
fore, the relationship between urban heat island intensity (∆T) and urban form indices was
quantified by adopting a multiple regression model.

4.5. Local Climate Zone (LCZ) Classification

For micro-scale analysis, detailed land-use patterns within cities were created to
identify which land-use patterns are vulnerable to urban heat islands. The most suitable
method for this approach is LCZ classification. The landcover products provided by MODIS
have a limited number of grades related to urban surface, so each different urban structure
appearing in various cities cannot be easily analyzed with existing land cover products [17].
To overcome this problem, LCZ have been introduced. In this classification system, cities are
divided into 17 grades, of which 10 grades (1–10) consist of urban types and the remaining
7 types (A–G) consist of other land cover types (Table 4). This classification system was
originally designed to provide a framework for urban heat island research, making it
possible to observe the standardized exchange of urban temperatures [44]. The LCZ grade
is officially defined as “a region of uniform surface cover, structure, material, and human
activity ranging from hundreds of meters to several kilometers,” excluding “culturally
or locally unique class names and definitions” [45]. In 2015, as part of the community-
based World Urban Database and Access Portal Tools (WUDAPT) project, a protocol was
developed to map cities into LCZs using open-source data and software packages, and an
online platform is currently being provided to do this.

Table 4. LCZ (Local Climate Zone) classifications.

Zone Figure Zone Figure Zone Figure

LCZ 1:
Compact
high-rise

LCZ 7:
Lightweight

low-rise

LCZ C:
Bush or scrub

LCZ 2:
Compact
mid-rise

LCZ 8:
Large

low-rise

LCZ D:
Low plants

LCZ 3:
Compact
low-rise

LCZ 9:
Sparsely built

LCZ E:
Bare rock or

paved

LCZ 4:
Open

high-rise

LCZ 10:
Heavy

industry

LCZ F:
Bare soil or

sand

LCZ 5:
Open

mid-rise

LCZ A:
Dense trees

LCZ G:
Water

LCZ 6:
Open

low-rise

LCZ B:
Scattered

trees

5. Results
5.1. Macro-Scale Analysis

First, using histograms and Q–Q plots, it was confirmed that the analysis model
satisfied the assumption of normality. In addition, the Durbin–Watson value was 1.951,
indicating that the independence of the residual was also satisfied. The coefficient of
determination of the analysis model was 0.351. Also, the VIF values for all variables were
less than 10, indicating that this model had no problem of multicollinearity. Table 5 shows
the results of the multiple regression analysis model.
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Table 5. Analysis results.

Data Type Variable Coefficient (B) t Statistic VIF

* Dependent variable: Urban heat island intensity

Size & Density

Population 1.596 × 10−8 0.132 1.836

Area 1.552 × 10−9 *** 4.541 2.056

Urban develop density 0.180 0.109 4.868

Geometric
Dimensions

FRAC index 31.916 1.151 9.184

CONTIG index −18.431 *** −2.661 9.654

AI index 0.049 *** 6.251 3.580

Natural &
Geographic

DEM −0.002 * −1.685 2.941

NDVI 3.212 1.503 5.258

R2 0.351

Durbin-Watson 1.951

* p < 0.1. *** p < 0.01.

The size and density type represents the compactness of a city in terms of density. A
city’s size is a quantitative indicator that distinguishes whether it is a large or small city,
and the two widely used measures for city size are population and area [46]. A linear
relationship exists between population and area, which indicates that density increases to
a certain level as urban areas increase [40,46]. Accordingly, this type consists of variables
related to a city’s size or density. In this study, the area variable had a significant effect
on the intensity of urban heat islands. The larger the city’s area, the higher the urban
heat island’s strength, and this finding is consistent with previous studies suggesting that
large cities tend to have higher UHI intensity [10,37]. The criteria for city size were set
based on the population and area, but the characteristics related to the population did not
significantly affect the urban heat island.

The geometric dimension type represents the geometric characteristics of the urban
form. This type consists of an index indicating the compactness of a geometric city, the
degree of dispersion and cohesion, and spatial continuity. The variables that have been
shown to significantly affect this type are the continuity (CONTIG) and aggregation (AI)
indices. First, the AI index was found to have a very significant effect on urban heat islands
in a positive direction. The higher the AI index value, the more relaxed the degree of urban
sprawl, indicating that the more compact a city is, the higher the urban heat island intensity
is. The CONTIG index showed a significant effect in a negative direction. The higher the
CONTIG index value was, the higher the spatial connectivity of the landscape was. Because
the continuity index was calculated based on the urbanized area, the higher the spatial
connectivity of the urbanized area was, the lower the urban heat island intensity was. The
fact that urban areas are connected without being cut off means that they have not been
developed in a sporadic pattern, which also means that the city has been developed in a
compact pattern. Therefore, it can be interpreted that the intensity of urban heat islands
increases as cities are developed in a compact pattern in terms of connectivity. In summary,
regarding the geometric dimension type, an index was constructed that can represent
urban compactness in various aspects. However, each variable representing compactness
influenced the intensity of urban heat islands in different directions. The aggregation
characteristic increased the urban heat island intensity, and the connectivity decreased the
urban heat island intensity. This finding suggests that the effect on the intensity of urban
heat islands may differ depending on each characteristic representing urban compactness.

Regarding natural and geographic characteristics, they are configured to control the
effect of increasing and decreasing of UHI intensity due to third factors. For this type, the
DEM variable showed a significant effect in the negative direction.
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In this study, a null hypothesis was established: a compact urban form would alleviate
urban heat islands. As a result of the analysis, it seems difficult to reject the null hypothesis
and adopt the alternative hypothesis; the compact urban form, in terms of city size and
aggregation resulted in increased urban heat islands, but in terms of connectivity, it resulted
in reduced urban heat islands. However, in the process of hypothesis verification, this
study found meaningful facts. Even for the same city form, the influence of the city form
can vary depending on the perspective of interpreting the form. Therefore, it is necessary to
establish an urban heat island mitigation strategy that considers that a city’s compactness
has different effects on urban heat islands depending on the connectivity and aggregation
representing the density of development.

5.2. Micro–Scale Analysis

The LCZs for Seoul were obtained from the related online platform LCZ Generator [47]
(Figure 6). Although Seoul has a very high urbanization rate because most of the urban
areas are developed, the intensity of the urban heat island is relatively low compared to
other large cities (Seoul 2.31; Busan 6.08; Daegu 4.25). Therefore, it was necessary to use
a microscopic scale analysis to identify the detailed urban types in Seoul and to analyze
which types were vulnerable to urban heat islands. Regarding LCZs in Seoul, all areas
except LCZ 10 (heavy industry) existed, making it easy to identify detailed urban forms
vulnerable to urban heat islands. The LCZ Generator provides overall accuracy (OA) for
the provided LCZ. The OA for the Seoul data was 0.71, which is quite high among LCZs
provided by the LCZ Generator (minimum accuracy 0; maximum accuracy 0.95). In the
micro-scale analysis, LST data was used instead of UHI intensity, which was used in the
macro-scale analysis, because the UHI intensity data is built on a city-level basis. Because
LST is raster data, it can be processed for each cell intended by the researcher.

Figure 6. LCZ map (Seoul).
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In addition, temperature data with real recording in the weather stations could be used.
However, in the case of this data, there were only 27 observation stations. Therefore, spatial
interpolation methodology had to be used to compare with LCZ, but it was not used in
this study due to high uncertainty. However, since the modification coefficient between the
two variables for both MOD11A1 LST and AWS ground temperature data (real recording
data) is 0.495, showing a high correlation, LST data can be used as an alternative to real
recording data [48]. Figure 7 is an LST map constructed in the same size as the detailed
cells of LCZs in Seoul. Figure 8 is a satellite image of the city presented for comparison
with Figures 6 and 7.

Figure 7. LSTs for each cell (Seoul).

Figure 8. Real city image (Satellite map).
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Finally, detailed areas vulnerable to high temperatures were calculated using LCZ
data and LST data built in units of cells (Table 6). First, regarding research hypothesis 2,
because the LST appeared to be different for each LCZ, it seems that the null hypothesis
can be rejected, and the alternative hypothesis adopted. As a result of the analysis, the
LCZs, which are vulnerable to high temperatures in Seoul, were found in the order of LCZ
3 (compact low-rise), LCZ 1 (compact high-rise), and LCZ F (bare soil or sand). Overall, the
LST was high in areas where many buildings were concentrated. In addition, even in the
same urbanized area, the LST was low when the buildings were somewhat separated, such
as in LCZ 4-6. When looking at LCZs 1, 3, 4, and 6, the LST was lower in the area where the
building height was low, even if the buildings were equally concentrated. It is thought that
the LST was relatively low in the area with a high average building height because of the
shade caused by the height. Most of the green areas showed lower surface temperatures,
and even in the same area, the surface temperature was lower if the green areas were
densely formed. In summary, the high-density development pattern is vulnerable to
high temperatures, but controlling building height and creating many dense green areas
throughout the city can alleviate the high-temperature phenomenon in the area.

Table 6. Average LST of each LCZ classification.

Zone. LST Rank Zone LST Rank

LCZ 1: Compact high-rise 35.52 2 LCZ 9: Sparsely built 33.00 14

LCZ 2: Compact mid-rise 34.61 6 LCZ A: Dense trees 29.89 16

LCZ 3: Compact low-rise 35.68 1 LCZ B: Scattered trees 34.16 10

LCZ 4: Open high-rise 34.05 12 LCZ C: Bush, scrub 33.43 13

LCZ 5: Open mid-rise 34.59 7 LCZ D: Low plants 34.09 11

LCZ 6: Open low-rise 34.54 8 LCZ E: Bare rock or paved 35.07 4

LCZ 7: Lightweight low-rise 34.18 9 LCZ F: Bare soil or sand 35.28 3

LCZ 8: Large low-rise 34.95 5 LCZ G: Water 31.30 15

6. Conclusions

As urban problems arise in fields related to the environment, energy, climate, and
transportation, approaches to urban form are discussed as ways to solve these issues.
Discussions of urban form have mainly dealt with dispersion and concentration. The sprawl
form aims to provide cheap and comfortable residential environments by developing
the outskirts, whereas the compact form aims to develop the city center and provide
public services to obtain the benefits of agglomeration. After the discovery of several
problems with the sprawl form, the compact urban form has become a paradigm in urban
planning, but as Gordon and Richardson (1997) pointed out, the “compact city” will not
be able to solve all urban problems. The urban heat island phenomenon is one of these
urban problems.

In other words, there is a conflicting point between the urban heat island problem
and the sustainable development aimed at by the compact urban form. To discuss these
conflicting points, this study presented theories and previous studies on the relationship
between urban heat islands and urban forms and analyzed the effect of urban form on
urban heat islands on two scales. The analysis results are summarized as follows.

First, in this study, the effect of urban heat islands was expected to increase as cities
were developed in a compact form in the hypothesis setting process, but the effect on
urban heat islands was different depending on the characteristics of urban forms. In terms
of city size and aggregation, compact urban forms increase the urban heat island effect,
but compact urban forms in terms of connectivity have resulted in alleviating the urban
heat island effect. Second, in micro-scale analysis, a significant difference in LST occurred
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according to each LCZ, and a difference in LST value occurred according to density, height,
and land cover.

7. Discussion

According to the macro-scale analysis results of this study, urban compactness in-
creases the intensity of urban heat islands not only in terms of simple high density but
also in geometric dimensions. How can we answer the question of whether a compact
urban form should be directed toward a sprawled urban form because it is vulnerable to
urban heat islands? In this study, we answered this question by stating that it cannot be
done. We have made this statement because scholars in various fields have been raising
concerns about problems with urban sprawl since Gordon and Richardson (1997) [49] and
Ewing (1997) [1] published a debate about urban sprawls and compact cities in the Journal
of the American Planning Association. In addition, the impact of compactness may vary
depending on the perspective of interpreting compact urban forms. Accordingly, this study
examined compact urban forms from a macroscopic perspective and mixed the forms,
using a microscopic perspective, to examine how to mitigate urban heat islands. High
density increases urban heat islands on a macro-scale, but when considering the micro-
scale, the heat island effect can be mitigated by applying multiple mitigation strategies
with high density. In this regard, Berardi and Wang (2016) demonstrated that increasing
density through high-rise buildings can provide shading benefits under summer conditions
and reduce UHI effects [50]. This result has also been demonstrated in the micro-scale
analysis in this study. In addition, the UHI effect can be mitigated by utilizing smart design
solutions that promote better ventilation conditions (e.g., including a mixture of high and
low buildings in the site) [40].

If an urban planning approach is proposed, urban heat islands can be mitigated by
mixing transect planning. This planning theory is that of Andres Duany, an American
architect and urban planner, and it is an effort to solve the question of what urban sprawl
is and what problems it causes by using form rather than zoning and density. In transect
planning, the concept of a sector that subdivides the continuous environment between
non-development and development sites further increases the density of the city center and
further inhibits development where conservation is needed [51]. It is possible to alleviate
urban heat islands by easing building height limits in downtown areas where high density
is required and securing more green space through transit planning. This urban transect
theory approach is a good example of enhancing resilience to disasters by strengthening
the landscape connectivity of cities [52,53]. The fact that urban connectivity reduces the
urban heat island effect has been well demonstrated in the macro-scale analysis of this
study. In addition, form-based codes, which act as regulatory means to achieve a specific
urban shape, can be used as urban planning techniques to improve urban heat islands.

According to this study, the relationship between urban forms and urban heat islands
in macroscopic and microscopic units should be identified. This study is meaningful in that
it discusses sustainable urban forms by analyzing urban forms vulnerable to urban heat
islands on a macroscopic and microscopic scale and provides urban planning measures to
alleviate urban heat islands. In addition, regarding the verification, first, the analysis results
were compared and analyzed with the results of previous studies, and second, in the case
of data, it was intended to increase the reliability of data use by presenting comparisons
with alternative data. However, in micro-scale analysis, the reliability of LST data was not
improved by using various temperature data along with average LST data, and there is also
a limit to the failure to improve the reliability of macro-scale analysis results using panel
data. In the future, researchers should use panel data to avoid the distortion caused by not
considering time series. And, as more LCZs are built in more regions, more meaningful
studies can be conducted. In addition, if future studies deal with the changes in urban form
caused by the emergence of smart cities, more profound discussions on urban form can
be conducted.
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