
ABSTRACT

Urbanization has led to a reduction in green spaces
and thus transformed the spatial pattern of urban
land use. An increase in air temperature directly aff-
ects forest vegetation, phenology, and biodiversity in
urban areas. In this paper, we analyze the changing
land use patterns and urban heat distribution (UHD)
in Seoul on the basis of a spatial assessment. It is ne-
cessary to monitor and assess the functions of green
spaces in order to understand the changes in the
green space. In addition, we estimated the influence
of green space on urban temperature using Landsat
7 Enhanced Thematic Mapper Plus (ETM++) imagery
and climatic data. Results of the assessment showed
that UHD differences cause differences in tempera-
ture variation and the spatial extent of temperature
reducing effects due to urban green space. The ratio
of urban heat area to green space cooling area incre-
ases rapidly with increasing distance from a green
space boundary. This shows that urban green space
plays an important role for mitigating urban heating
in central areas. This study demonstrated the impor-
tance of green space by characterizing the spatiotem-
poral variations in temperature associated with urban
green spaces.

Key words: Urban green space, Spatio-temporal,
Urban Heat Distribution (UHD), Satellite imagery

1. INTRODUCTION

Cities worldwide have begun to experience the im-
pacts of climate change. As temperatures and precipi-
tation patterns change, urban areas are expected en-
counter a wide range of challenges (IPCC, 2007). Ex-
treme and/or prolonged high temperatures are being
considered as a serious climate hazard, as demonstrat-
ed by the severe consequences of recent heat wave
events (Gosling et al., 2009). Urban areas, in particu-
lar, are more vulnerable to these effects because of the

presence of urban heat islands. Furthermore, the pro-
jected temperature rise, together with the tendency
toward urbanization, suggests that the urban thermal
environment may probably become increasingly un-
comfortable in the future. This will have a direct im-
pact on the urban population and infrastructure (Smith
et al., 2009). In urban areas anthropogenic heat is pro-
duced from heating and cooling processes in buildings
and vehicles. This inadvertent climate modification is
called the Urban Heat Island (UHI) effect (Arnfield,
2003; Gomez et al., 1998; Landsberg, 1981; Howard,
1833). However, urban green space, such as forests or
parks, can the ameliorate UHI effect by preventing
incoming solar radiation from heating the surrounding
buildings and surfaces, cooling the air by evapotrans-
piration, and reducing wind speed (Akbari et al., 2001).
The cooling effect of green spaces during the hot and
humid summer season is especially important, and
they are regarded as natural resources for city planning
(Narita et al., 2002). Moreover, urban parks with for-
ests can reduce surface water runoff (by intercepting
precipitation), absorb pollutants, and emit hydrocar-
bons as well as modify solar radiation, air temperature,
wind speed, and relative humidity. Thus, increased
vegetative cover and higher-albedo surface materials
are strategies can help realize cooling effects in urban
areas (Jonsson, 2004; Jauregui, 1997). Moreover, urban
parks are now an important urban infrastructure for
mitigating UHIs in the era of global warming (Lee et
al., 2009).

The UHI effect has been reported in many cities such
as Buenos Aires, Argentina; New York City, USA; Lis-
bon, Portugal; Prague, Czech Republic; and Debrecen,
Hungary (Choi et al., 2008). In Korea, researches on
UHI for Seoul, Incheon, Daejeon, Daegu, Gwangju
and Busan, have also been recently reported (Choi et
al., 2008; Kim and Baik, 2005, 2004; Chung et al.,
2004). Furthermore, many studies have been carried
out in other countries on the cooling effect of urban
parks or green spaces (Chang et al., 2007; Correa et
al., 2006; Wong and Chen, 2004; Svensson and Elias-
son, 2002; Eliasson and Upmanis, 2000; Upmanis et
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al., 1998). In Korea, Kwon and Lee (2001) studied the
cooling effects of Changdeok Palace in Seoul. Yoon
and co-worker studied the cooling effects of urban
parks in Seoul (Yoon, 2003; Yoon and Bae, 2002), but
the study periods were less than two months. In fact,
few studies have examined the cooling effects created
by urban parks in Korea and the relationship between
urban climate and open space planning has not been
examined (Lee et al., 2009). This study attempts to
close this gap by analyzing whether and how green
spaces reduce the temperature in UHIs by performing
spatial and seasonal variation analysis.

2. DATA AND METHODS

2. 1  Study Site Description and
Characteristics of Land Use

The study area covered in this paper is Seoul, 126�
62′E-127�48′E and 37�25′N-37�99′N. Seoul is locat-
ed in the Han River Basin, where the Han River flows
through the central part of the Korean Peninsula. The
annual variation in its mean annual temperature and
total annual precipitation is largely due to topographi-
cal effects. Its yearly precipitation reaches 1,488 mm,
and the average temperature is 12.5�C (the average for
the last 10 years; 1991-2000) (Song et al., 2005; Seoul
Metropolitan Government, 2001). Since the 1960s,
Seoul has experienced rapid urbanization, in particular
because of migration of people from rural areas to the
city, thus resulting in population concentration. The
current population of the city itself is about ten million,
and that of the Seoul Metropolitan Area is more than
twenty million (Lee et al., 2009). Table 1 shows the
land use in Seoul in 2001 (Seoul Metropolitan Govern-
ment, 2001) and the main land use types where their
fractional areas differ for each Gu-an administrative
subregion. In general, residential and commercial areas
are mixed throughout the city, except for Gu that have
large green areas. Commercial sectors are densely
aggregated in Jung-gu, the southern part of Jongro-gu,
and in Gangnam-gu, where station 1 is located (KMA,
2001; Fig. 1).

2. 2  Methods
It is necessary to estimate surface temperature in

order to assess the climate change impact of urban for-
est. It is also important to observe, inter alia, thermal
and forest distributions. All of this can be done via
satellite remote sensing systems, which can provide us
with countermeasures for environmental issues and
prediction methodologies for natural disasters (Suga
et al., 2003). With this in mind, we used 30-m spatial
resolution Landsat 7 Enhanced Thematic Mapper Plus

(ETM++) images in order to extract patterns and detect
changes in the spatio-temporal makeup of urban sur-
faces. All those images covering the scene numbered
116/34 in the Landsat WRS-2 system for the year 2002
were used. The Landsat 7 ETM++ images were inter-
preted with ERDAS image 9.1 analysis programs.

2. 3  Data Analysis

2. 3. 1  Satellite Imagery Analysis for Urban Heat
Distribution (UHD)

In this study, the surface temperature is calibrated
from the DN (Digital Number) of Landsat ETM++ im-
agery, which represents the absolute radiation of land
cover; the calibration is based on the NASA model.
For each DN from ETM++ imagery, we subtract the
spectral radiance Lλ using the official NASA approved
ranges LMINλ and LMAXλ as shown in the following
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Table 1. Land use in Seoul (SMG, 2001).

Area (ha) Rate

Residential 16350.6 27.1%
Commercial 6152.7 10.2%

Developed area Industrial 814.1 1.3%
Road 6169.1 10.2%
Others 6307.6 10.4%

Agricultural 3000.5 5.0%

Green space area Burial 213.8 0.4%
Forest 15994.9 26.5%
Others 1418.7 2.3%

Water Han River and stream 3987.2 6.6%

Total 60409.2 100.0%

Fig. 1. Automatic weather stations in Seoul (KMA, 2000).
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equation (Eq. 1; Melesse, 2004; Chander and Mark-
ham, 2003).

Lλ=={(Lmax-Lmin)/DNmax}*DN++Lmin (1)

where,
Lmax==the spectral radiance t scaled to DNmax;
Lmin==the spectral radiance scaled to DNmin;
DN==the quantized calibrated pixel value;
DNmax==the Maximum DN.

Following Eq. 1, which states the relationship bet-
ween the spectral radiance value Lλ and the absolute
temperature in Kelvin, we can estimate the absolute
temperature of the land surface (T). This is expressed
in Eq. 2 (Melesse, 2004; Mobasheri and Mousavi,
2004).

K2T==mmmmmmmmmmmm (2)
ln[(K1/Lλ)++1]

where,
T is the effective at-satellite temperature in Kelvin;
K1 (666.09) is the post-calibration constant of spec-

tral radiance in W/(m2 sr μm);
K2 (1282.71) is the post-calibration constant of abso-

lute temperature in temperature degrees (Kelvin);
Lλ is the spectral radiance in W/(m2 sr μm).

2. 3. 2  Spatial Autocorrelation Analysis of UHD
We performed variogram analysis and kriging inter-

polation (Lee et al., 2006; Webster and Oliver, 2001;
Mowrer and Congalton, 2000; Bailey and Gatrell,
1995) in order to identify the spatial autocorrelation
and variability; modern objected-oriented language and
the SPLUS system, with the optional S++SpatialStats
module (Bao et al., 2000; MathSoft, 1997), were em-
ployed. In this study, the variogram is used to measure
the spatial variation in imagery by automatically fitting
spherical variogram parameters (nugget, sill, and range).
The sill is an indicator of the spatial variability of the
data, and the range is the distance at which the vario-
gram reaches the sill. A discontinuity of the variogram
at the origin, also called the nugget effect, can be relat-
ed to either uncorrelated noise (measurement error) or
to spatial structures at a length scale smaller than the
pixel size. The characteristic shape and range of the
spherical variogram are of primary importance for
ordinary kriging because of the invariance of weights
under linear transformation of the variogram (Genton,
1995). 

Kriging is based on the assumption that the para-
meter being interpolated can be treated as a regional-
ized variable. The weights of kriging are derived from
the kriging equations using a semivariance function.
The parameters of the semivariance function and the

nugget effect can be estimated by an empirical semi-
variance function (Webster and Oliver, 2007). An
unbiased estimator of the semivariance function is
half the average squared difference between paired
data values:

1     N(h)

γ(h)==mmmmmm» [z(xi)-z(xi++h)]2 (3)
2N(h) i==1

where,
γ(h) is the semivariance value at distance interval h; 
N(h) is the number of sample pairs within the dis-

tance interval h;
z(xi++h) and z(xi) are sample values at two points

separated by the distance interval h.

This method uses a variogram to express the spatial
variation and minimizes the errors in the estimated
values, which are calculated on the basis of the spa-
tial distribution of the estimated values (Fortin and
Dale, 2005; Journel and Huijbregts, 1981; Matheron,
1963).

2. 3. 3  Analyzing the Effect of Green Space on UHD
From the variogram analysis, a map for UHD was

prepared using the inverse distance squared weighting
(IDSW) analysis. Urban heat island effects may con-
stitute a major portion of the remaining error, especi-
ally in the case of daily minimum temperature (Choi
et al., 2003). The urban effect has been shown to in-
crease as a logarithmic function of population differ-
ence (Oke, 1981). Hence, the same method as for ele-
vation correction may be applied to the urban effect
correction, if a suitable proxy variable that accurately
represents the urban effect (e.g., population) is avail-
able. Using the power of 2 for the inverse weighting
factor, an interpolation model for temperature estima-
tion can be written as (Choi et al., 2003):

Ti zi Pi»mmm »mmm »mmm
di

2 di
2 di

2

T==mmmmmm++[z-mmmmmm]Γ++log[p-mmmmmm ]Π (4)
1                 1             1

»mmm »mmm »mmm
di

2 di
2 di

2

where,
Ti is the observed temperature at station i;
di is the distance from the site to station i;
z is the elevation of the site;
zi is the elevation of station i;
Γ is the temperature change per unit change in the

elevation;
P is a proxy variable for representing the urban effect

(population) of the site;
Pi is the P value of the city where station i is located;
Π is an empirical coefficient for conversion of P to

warming by the urban effect.
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The UHD is graded into the following 5 classes using
the natural breaks methods of ArcGIS 9.2: (1) high
cooling effect, (2) cooling effect, (3) buffer zone, (4)
UH effect, and (5) high UH effect. In addition, the
study area was zoned by distance from a green space
boundary using buffering analysis. Through the rela-
tionship between the distance from a green space
boundary and temperature, the effect of green space
on UHD was analyzed.

3. RESULTS AND DISCUSSION

3. 1  Seasonal UHD
The surface temperature, which was extracted from

AWS data, shows a characteristic behavior. The sea-
sonal variation distributions of urban surface tempera-
ture differed greatly depending on the land use and
land cover patterns of the surrounding areas. This is in
line with the spatial and temporal variability pattern of
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Fig. 2. Spherical variograms of estimated surface temperature at 2-month intervals: (a) February, (b) April, (c) June, (d) August,
(e) October, (f) December.
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climatic factors in Seoul (Choi et al., 2008). The tem-
perature variability in highly elevated areas was rela-
tively greater than that in less elevated residential areas,
but the temperature variability in the former tended to
decrease, while the temperature variability in the latter
showed an increasing tendency (Choi et al., 2008).

3. 2  Spatial Autocorrelation of UHD
In order to identify which urban areas have a statisti-

cally significant influence on urban temperature and
the effects of temperature decrease within urban green
areas, we performed analyses at 2-month intervals. The
automatic fitting of variogram models to a spherical
variogram is represented in Fig. 2 and Table 2. The
results indicated that spatial autocorrelation existed
within a range of about 4.6 km to 14.2 km from the
green space boundary in the hot season.

Moreover, spatial autocorrelation in urban green
space ranges is stronger than that in urban ranges, espe-
cially from 4 km standards. The variation of the UHD
in green space, as characterized by the spatial pattern,
showed strong spatial continuity as indicated by the
high proportion of each sill showing spatial structure.
The range for green space was 4.2 km to 7.3 km, where-
as that for urban areas was 3.6 km to 18.6 km from the
green space boundary (Table 3). However, no specific
spatial differences were observed in the summer sea-
son. This suggests that spatial variation is decreasing
and that the summer is getting warmer in Seoul.

3. 3  Effect of Green Space on UHD
In order to determine the spatial extent of the cooling

effect of green space, we employed the IDSW appro-
ach, which considers the temperature lapse rate by ele-
vation as in Fig. 3. It shows that a lower temperature
zone existed around high-elevation forests and water
areas. A higher temperature zone was found in built up

areas. Especially, UHD effects were clustered towards
the center of the built-up area: Jung-gu and Gangnam
-gu.

The kappa coefficient to measure total map accuracy
was 0.51, and the overall accuracy of classification was
51.4% (Table 4). Landis and Koch (1977) categorized
perfect agreement as equating to a kappa of 1, while
chance agreement would equate to 0. For this scale, a
kappa of 0.51 is in the “moderate” agreement range.

Fig. 4 shows the effect of distance from a green
space boundary on UHD temperature reduction. The
UHD in Seoul shows that relatively warm regions
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Table 2. Variogram parameters fitted by the spherical variograms shown in Fig. 2.

Spherical model

February April June August October December

Range (m) 3.93 4640.75 8818.25 14215.63 450.83 285.83
Sill 2.60 0.53 5.26 16.21 0.38 0.38
Nugget 3.13 0.53 3.75 22.75 0.78 0.78

Table 3. Variogram parameters fitted by the spherical variogram for forest and urban areas.

Forest area Urban area

April June August April June August

Range (m) 4157.27 4879.73 7292.46 3566.74 3197.5 18574.92
Sill 0.56 4.36 35.78 0.72 3.98 16.73
Nugget 0.18 3.26 9.54 0.49 4.00 23.11

Fig. 3. Effect of green space on UHD.
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extend in the east-west direction, while relatively cold
regions are located near Mounts Bukhan and Gwanak.
Near the border of Seoul, the temperature is, as would
be expected, relatively low, except near the southwest-
ern and southeastern borders, where the sprawling
expanse of urbanization is already in progress. These
results come from the transformation of downtown
Seoul; we observe that the center of the Han River,
the Gangbuk area, became a focal point for downtown
development in the late 1960s according to the Land
District Adjustment Plan (Song et al., 2005). Gangnam
shows great differences in its history of land use, land
development pattern, and space management in com-

parison to other areas, and specifically, in comparison
to Gangbuk. In addition, the reduction of air tempera-
ture by green space can extend to around 4 km. The
urban heat island effect decreases with proximity to
green space (Fig. 5). This shows that a strong relation-
ship exists between urban thermal excess and distance
from the green space boundary, as well as built up
ratio.

For urban heat island analysis, an urban station and
a rural/suburban station are selected. In the case that
there is an urban station and many rural/suburban sta-
tions surrounding a city, a better definition of the urban
heat island might be the difference between the near-
surface air temperature at the urban station and that
averaged for representative rural/suburban stations
(Kim and Baik, 2005). Hence, we have selected Gang-
nam, Yongsan, as a representative urban station and
Dongjak, Dobong, for the mitigation area, because this
location exhibits the warmest averaged temperature
within Seoul and the nearby region has typical urban
characteristics and urban forest area. Dongjak, Dobong,
showed a lower temperature than the center of the ur-
ban area, and was important for mitigation in the UHI
reduction area, and Gangnam, Yongsan, showed a
higher temperature than other areas. This result is re-
lated to the effect of proximity to a green space boun-
dary on UHI temperature reduction. The temperature
differences found between forest boundary areas and
the core area are significant. A spatial autocorrelation
between urban forests within residential areas and the
heat island effect is shown.

It is well known that land use type is an important
determinant in near-surface air temperature, and a
change in land use in an urban location directly influ-
ences the temperature therein (Bottyan and Unger,
2003; Deosthali, 2000; Klysik and Fortuniak, 1999;
Jauregui et al., 1992; Park, 1986). In addition, the re-
sults obtained in this study vary significantly compar-
ed with results obtained in Sweden, where a 1,100 m
spatial extent of air temperature-reducing effects was
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Table 4. Error matrices by number of classification categories and Kappa.

Reference (km) User’s
Classified data High cooling Cooling Buffer UHI High UHI Sum

accuracy
effect effect zone effect effect (%)

High cooling effect 2937 1055 1 0 0 3993 74
Cooling effect 1464 1113 2 75 0 2654 42
Buffer zone 1389 165 248 450 91 2343 11
UHI effect 0 7 18 475 129 629 76
High UHI effect 0 0 2 41 399 442 90
Sum 5790 2340 271 1041 619 10061
Producer’s accuracy (%) 51 48 92 46 64

Overall classification accuracy==51.4%, Kappa value==0.51

Fig. 4. Distances from the green space boundary.
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recorded in Göteborg (Upmanis et al., 1998). This is
mainly due to the difference between the two study
areas in terms of urban structure, cover, fabric, and
metabolism. In terms of structure, Seoul is surrounded
by dense high rise commercial buildings, especially in
the inner area. However, the Göteborg site is within a
low-density single family residential area with a high
portion of grassed areas and open lots (Lee et al., 2009),
where cool air from the urban park freely travels to
the surrounding urban areas. The land use is not as
dense and the building height to street width ratio (H/
W) is not as high as in Seoul (Lee et al., 2009). 

4. CONCLUSIONS

This study examined the effect of green space on
urban heat distribution in Seoul, using satellite imagery
data and near-surface air temperature data measured
at 31 AWSs - the spatial and temporal structure of the
urban heat island in Seoul. It was found that the UHD
deviates considerably from a concentric heat island
pattern, and warm areas were attributed to the presence
of densely built-up commercial and industrial neigh-
boring sectors. In addition, spatial autocorrelation
existed within a range of about 5 km to 10 km in the
hot season. Moreover, spatial autocorrelation in the
vicinity of urban green spaces is shown to be stronger
than in the core urban area. However, it does not show
any spatial differences in the summer period. We also
found that the temperature of green space is quite dif-
ferent from that of the urban area. The effects of tem-
perature decrease due to urban green areas can extend
to around 4 km. The ratio of urban heat area to urban
cooling area increases with distance from a green space
boundary. The analyses showed that urban green space
plays an important role for mitigating urban heating in
the central urban area. Consequently, we suggest that

ensuring a maximum distance of 4 km from a green
space would reduce temperatures in urban areas. This
type of research is expected to provide additional obser-
vational evidence for theoretical modeling studies (Baik
et al., 2001), suggesting that urban green space plays
an important role for the mitigation and temperature
reduction of UHIs in central areas.
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