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Abstract: Surface urban heat island (SUHI) impacts control the exchange of sensible heat
and latent heat between land and atmosphere and can worsen extreme climate events, such
as heat waves. This study assessed SUHIs over three megacities (Seoul, Tokyo, Beijing) in
East Asia using one-year (April 2011-March 2012) land surface temperature (LST) data
retrieved from the Communication, Ocean and Meteorological Satellite (COMS). The
spatio-temporal variations of SUHI and the relationship between SUHI and vegetation
activity were analyzed using hourly cloud-free LST data. In general, the LST was higher in
low latitudes, low altitudes, urban areas and dry regions compared to high latitudes, high
altitudes, rural areas and vegetated areas. In particular, the LST over the three megacities was
always higher than that in the surrounding rural areas. The SUHI showed a maximum
intensity (10-13 <C) at noon during the summer, irrespective of the geographic location of
the city, but weak intensities (4—7 <C) were observed during other times and seasons. In
general, the SUHI intensity over the three megacities showed strong seasonal (diurnal)
variations during the daytime (summer) and weak seasonal (diurnal) variations during the
nighttime (other seasons). As a result, the temporal variation pattern of SUHIs was quite
different from that of urban heat islands, and the SUHIs showed a distinct maximum at
noon of the summer months and weak intensities during the nighttime of all seasons. The
patterns of seasonal and diurnal variations of the SUHIs were clearly dependent on the
geographic environment of cities. In addition, the intensity of SUHIs showed a strong
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negative relationship with vegetation activity during the daytime, but no such relationship
was observed during the nighttime. This suggests that the SUHI intensity is mainly
controlled by differences in evapotranspiration (or the Bowen ratio) between urban and
rural areas during the daytime.

Keywords: land surface temperature; surface urban heat island; COMS;
spatio-temporal variation

1. Introduction

An urban heat island (UHI) is a phenomenon in which urban air temperatures are higher than
rural air temperatures. Urban heat islands are largely caused by the widespread use of heat-trapping
land surfaces, such as pavement, in urban areas and represent a growing concern because of rapid
industrialization and urbanization since the mid-20th century [1,2]. As a result of industrialization and
urbanization, populations have become concentrated in urban areas, and buildings or roads have been
constructed on land that was previously vegetated. Hence, the increased thermal capacity and decreased
evapotranspiration of land surfaces in urban areas and the release of artificial heat generated by various
human activities have exacerbated the development of UHIs [3].

Urban heat islands have increased the number of heat wave days and tropical-like night conditions
in several major cities, including Paris, Baltimore, Washington, D.C. and Shanghai, during the
summer; this has led to a number of adverse disruptions in, for example, the electric power supply and
has contributed to excesses in mortality [4-6]. The intensity of an UHI is mainly affected by two types
of factors: (1) artificial factors, such as the urban area, population size and emissions of artificial heat
from human activities; and (2) environmental factors, such as the geographic location (e.g., latitude,
distance from a water body), topography and climate of the urban areas [7]. Because urban areas in
East Asia, especially those in Korea and China, are rapidly expanding because of economic growth,
UHI studies in these regions are urgently needed. Such studies would be beneficial for a variety of
areas, including energy policy, urban planning and quality of life protections.

Urban heat island studies have generally been conducted using air temperatures, and these have focused
mostly on the features and causes of UHIs and the relation between weather conditions and UHI intensity.
Oke [1] showed that there is a positive correlation between the size of the urban area and the UHI
intensity, and Roth et al. [7] showed that the UHI intensity is affected by artificial and environmental
factors. Kim et al. [8] assessed the UHI of Seoul using air temperatures observed by automatic weather
systems (AWS) from 1973 to 1996 and showed that the intensity of the UHI is lowest during noon
in the summer and highest during winter nights; the data also showed that the UHI has a negative
correlation with the wind speed, cloud cover and relative humidity. Moreover, Kim et al. [9] showed
that coastal cities tend to have lower UHI intensities than inland cities, and this work was based on an
analysis of the UHI intensities in six major cities in Korea (Seoul, Incheon, Daejeon, Daegu, Gwangju
and Busan). Kim et al. [10] also showed that there are strong seasonal, weekly and diurnal variations
in Seoul’s UHI intensity; these variations were lowest during the summer, higher on weekdays than on
weekends and had a maximum of 3.4 <C at 03:00 local standard time and a minimum of 0.6 <C at
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15:00 local standard time. While ground observed air temperature data by AWS has a high temporal
frequency and accuracy, it often has limitations in regards to the spatial resolution that can be derived
from the observing stations, which can impair quantitative assessments of the spatio-temporal variability
in UHIs.

Alternatively, remote sensing data from satellites can be used to study UHIs. As the quality of
background data, such as the surface spectral emissivity, has increased and the retrieval algorithms for
land surface temperature (LST) have become more sophisticated, the quality of LST data retrieved
from satellites has greatly improved in recent years (e.g., [11-15]). As a result, a number of studies on
UHIs using LST remote sensing data from satellites, which are referred to hereafter as SUHIs (surface
urban heat islands), have been performed (e.g., [2,3,16]). The intensity of an SUHI is typically defined
as the LST difference between the urban and the rural pixels. Previous studies on SUHIs have shown
that the LST differences between urban and rural areas can amount to more than 5 <C, and these
differences are largely the result of changes in the biophysical properties of the urban land surfaces [17].
In recent years, the spatial resolution and accuracy of geostationary satellite data (e.g., Meteosat Second
Generation (MSG), Multi-Functional Transport Satellite (MTSAT) and Communication, Ocean and
Meteorological Satellite (COMS)) have improved remarkably; hence, quantitative assessments of
SUHIs have also shown similar improvements (e.g., [15,16,18]).

Surface urban heat islands occur by mechanisms that are different from those that contribute to the
formation of a UHI [2,3,16,18]. In general, a UHI is mainly caused by the differences in radiative
cooling between urban and rural areas during nighttime, whereas an SUHI is mainly caused by the
differences in radiative surface heating between urban and rural areas during the daytime; hence, the
spatio-temporal variations of UHIs and SUHIs can be different [1-3,16,18]. Consequently, additional
assessments of the spatio-temporal variations of SUHIs using hourly LST data retrieved from
geostationary satellites are needed. Additionally, as LSTs have an indirect, but significant, influence
on air temperatures, comparisons of SUHI and UHI data can provide some insight into the relation
between SUHIs and UHIs.

Until recently, most SUHI studies focused on the megacities of North America or Europe and used
polar-orbiting satellite data [19-22]. While there are about 60 megacities that have a population of
more than one million in East Asia alone, SUHI studies in East Asia have been conducted relatively
less frequently than in North America or Europe [16,18,23-26]. Furthermore, SUHI analyses using the
LST data retrieved from geostationary satellites, which have a better temporal frequency than analyses
using data from polar orbiting satellites, are advantageous when attempting to study the diurnal variation
of an SUHLI.

In this study, the spatio-temporal variations of SUHIs over three megacities (Seoul, Tokyo, Beijing)
in East Asia were analyzed using hourly LST data retrieved from COMS (Communication, Ocean and
Meteorological Satellite), Korea’s first geostationary multi-purpose satellite. Additionally, diurnal
variations of SUHIs were compared to the diurnal variations of UHIs, and the impacts of vegetation
activity on the intensity of SUHIs were also investigated.
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2. Data and Methods
2.1. Data

This study used hourly LST data from the National Meteorological Satellite Center of Korea. The
data were retrieved from the COMS dataset by using the split-window method developed by Cho and
Suh [15]. The spatial resolution and temporal frequency of the LST data were 4 km and 1 h, respectively,
and 1-year data from April 2011 to March 2012, were used. Seoul, Tokyo and Beijing were selected
as representative megacities of East Asia, because they have a population of more than ten million
(Figure 1) and different geographic and climatic environments. To select rural pixels of similar latitudes
and altitudes for estimating the intensities of SUHIs in the three selected megacities, land cover data
with a spatial resolution of 1 km (KLC_EA v2.0) [27] and altitude data with a spatial resolution of
4 km were used.

Figure 1. Location of the three megacities selected for this study.
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In addition, ground observed cloud amount data provided by the Korea Meteorological Administration
(KMA) and Japan Meteorological Agency [28,29] were used in the selection of cloud-free LST data for
Seoul and Tokyo, respectively. Additionally, ground observed air temperature data provided by the
KMA [28] were used for the comparative analysis of diurnal variations of UHIs and SUHIs. For the
analysis of the relationship between SUHIs and vegetation activity, normalized difference vegetation
index (NDVI) data (MYD13A2, MOD13A2) were retrieved from the MODIS (Moderate Resolution
Imaging Spectroradiometer) dataset and used in this study; these data were downloaded from the
United States Geological Survey’s (USGS) website [30]. The temporal frequency and spatial resolution
of MODIS NDVI data were 8 d and 1 km, respectively.
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2.2. Methods

Table 1 shows geographic information for the three megacities in East Asia that were selected for
the analysis of SUHIs. The corresponding rural geographic information that was used to evaluate each
of the three megacities is also shown in Table 1. The selected pixels representing the urban areas in the
three megacities were the pixels that had a high density of high-rise buildings or downtown areas, and
these pixels did not include rivers or low mountains in the land cover data (KLC_EA v2.0). The spatial
resolution and the number of land cover types of KLC_EA v2.0 were 1 km and 17, respectively [27].
The initial input data for KLC_EA v2.0 were derived from the 3-year (2006-2008) MODIS NDVI
data. The selected rural pixels included those with relatively more vegetated areas, such as forests or
farmlands, among the regions located within about 50 km of the corresponding urban pixels at the
same latitude. To minimize the effects of environmental factors, such as differences in altitude, latitude
and geographic environments, in the analysis of the spatio-temporal variations of the SUHIs, differences
in latitude, altitude and distance between two points were considered when selecting the rural points.
There were some differences in altitude between the rural pixels and the corresponding urban pixels
used. For example, as Seoul and Tokyo are surrounded by ocean and located in mountainous areas,
differences in altitude between the selected urban and rural pixels were around 250 m. Hence, the intensity
of SUHIs in these two cities may have been exaggerated by the lapse rate effect of LST with altitude.

Table 1. Geographic information for the selected urban and rural areas.

City Type Location Lat. (N), Lon. (‘E) Elevation (m) Distance (km)
Seoul Urban Dongdaemun 37.57,127.04 21.46 4184
Rural Gapyeong 37.62,127.51 294.60
Urban Ueno 35.73, 139.73 25.77
Tokyo  pural Akiruno 35.72, 139.26 244.11 43.12
Urban Wangfujing 39.91, 116.43 47.31
B 42.72
N9 Rural Dachang 30.85, 116.96 9.11

To analyze seasonal and diurnal variations of SUHIs, temporally continuous LST data over the
analysis regions are required. However, sampling of hourly LST data was very limited in the analysis
region, in particular during the summer, because of persistent clouds or problems with the satellite
observation data. To increase the reliability of the research results, the LST data that had the least
contamination from noise, such as that from clouds and/or fog, were selected for further use. The
threshold cloud amount for the selection of cloud-free days was set to 2/10 for Seoul and Tokyo.
However, for Beijing, most cloud-free days were selected by visually analyzing the satellite images,
because cloud amount data from the China Meteorological Administration were not available. In
addition, to minimize the effects of weather conditions on the spatio-temporal variations of SUHIs,
only days that were moderately windy (less than 5 m/s) and had no precipitation on the reference day
and on the previous day were selected for analyses.

To analyze the seasonal and diurnal variations of SUHISs, the seasonal or diurnal averages of the selected
urban and rural areas were used. However, because the weather conditions (mainly cloud amounts)
of the three megacities were different, the numbers of selected LST data points were also significantly
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different for the different cities and seasons. This means that the results of this study should be interpreted
with caution.

3. Results
3.1. Spatial Distribution

Figure 2 shows the spatial distribution of LST on the Korean Peninsula, which was retrieved from
the COMS data. In the two images, we can see that the LSTs in the major cities, such as Seoul and its
metropolitan areas, Daejeon, Daegu, Gwangju and Busan, were distinctly higher than those over the
surrounding rural or mountainous areas. Additionally, the high LST areas, in particular, at the western
and southern coastal regions of the Korean Peninsula, were markedly larger in September than in October.
This seems to be related to the fact that as the season progresses from early October to mid-October,
crops in the farmland reach the harvesting season, and the deciduous vegetation in the mountainous
areas begins to shed leaves. The northwestern regions in the images (Manchuria), while not being
urban areas, showed very high LSTs in both September and October. This was probably due to the fact
that most of these regions are farmlands, and in October, some of the farmland is bare after harvest;
thereby, these regions are drier than the surrounding regions, which can have an effect on LST. When
we take into consideration the decreases in solar energy that occur during the seasonal progression, this
figure confirms that vegetation activity, e.g., evapotranspiration and shadowing, can be a major factor
that influences the spatio-temporal variations of LST; this has been observed in other work, as well

(e.g., [3,18]).

Figure 2. Spatial distribution of land surface temperature (LST) on the Korean Peninsula.
The white colors indicate that the pixels are contaminated by clouds.
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3.2. Spatial and Temporal Variations

To qualitatively analyze the spatio-temporal variations of LST, the hourly east—west cross-sectional
distribution of LST on cloud-free days in the selected three megacities was used (Figures 3-5). We
tried to use the LST data from the summer when the intensities of SUHIs were highest, but the number
of cloud-free days during the summer was very limited, largely because of the East Asian summer
monsoon; hence, days when their cloud amounts were smallest and close to summer were selected for
further analysis. In all of the three cities, the LST was highest at 12:00 local standard time, and it
showed slight spatial variations during nighttime. Moreover, the LST was higher in downtown areas
than in rural areas. Although the geographic environments and climatic conditions of the three
megacities are different, the diurnal variations of the LST were consistently larger (7—15 <C) in the
urban areas than in the rural areas. As a result, the intensity of SUHIs was higher during the daytime
than during nighttime, irrespective of the cities. However, as shown in Table 1 and Figures 3-5, height
differences between urban and rural points were relatively large (around 250 m) in Seoul and Tokyo, but
very small in Beijing. Therefore, the larger LST differences between urban and rural areas in Seoul and
Tokyo are partly due to the influence of topography differences. In addition, while the spatio-temporal
variations of LST and differences between the urban and rural areas are large during the daytime, these
are very small during nighttime, irrespective of the geographic locations. This indicates that the land
surface conditions (for example, whether being vegetated or not), as well as the diurnal variations of solar
radiation energy are important factors that affect the spatio-temporal variations of LST.

Figure 3. Temporal variations of LST along the W—E cross line over Seoul. The shading
in the right panel represents the topography.
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Figure 4. The same as Figure 3, except for Tokyo.
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Figure 5. The same as Figure 3, except for Beijing.
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3.3. Seasonal Variation

To analyze the seasonal variations of SUHIs according to the time of day, the daytime (12:00 local
standard time) and nighttime (05:00 local standard time) seasonal averages of the three megacities
were plotted in Figure 6. The numbers in brackets in the figures represent the number of data samples
that were used to obtain the seasonal averages in the three megacities. Because of the different cloud
occurrence frequencies according to the seasons and geographic locations, as was previously explained,
the numbers of data samples for the three megacities and seasons were different. In all of the three
megacities, the seasonal variations of SUHIs were distinct during the daytime. The strongest SUHI
(10-13 <C) occurred during the daytime in the summer, and relatively weak SUHIs (less than 5 <C)
were common occurrences in the winter or spring. The strongest intensity SUHI (~13 <C) during
summer, which was observed in Tokyo, may have been influenced by the small sample size (five) and
topography differences between urban and rural points. Interestingly, during nighttime, the intensities of
SUHIs were constantly at 4-5 <T in Seoul and Tokyo, irrespective of the seasons. However, in Beijing,
the intensity of the SUHI during nighttime in the summer and winter was about 4 <C and 7 <C,
respectively. As a result, Beijing showed different seasonal variations from those of the other cities
during both the daytime and nighttime; for example, the weakest and strongest SUHIs occurred during
the daytime in the spring and during nighttime in the winter, respectively. This may be related to the
fact that the rural pixels for Seoul and Tokyo were forest, but rural pixels for Beijing were mostly
fields that were composed of farmland. The small differences in vegetation conditions between the
urban and rural areas in Beijing, except during summer and early fall, resulted in the weak SUHIs
during the daytime in spring and winter. Additionally, the relatively strong SUHIs during nighttime in
spring and winter are assumed to be related to differences in freezing or snow cover and possibly the
artificial heat supply between urban areas and rural areas; but, any definitive attribution will require
further investigation.
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Figure 6. Seasonal variation of LST (red and blue lines) and SUHI (surface urban heat island)
(green bars) for (left pannel) daytime and (right pannel) nighttime: (a) Seoul; (b) Tokyo
and (c) Beijing.
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3.4. Diurnal Variation

To investigate diurnal variations of SUHIs, the 24-hour LST for the urban and rural pixels in each
of the three megacities was plotted in Figures 7-9. The discontinued lines in the figures represent the
time during which the LST was not retrieved because of clouds. In all three cities, the LST was always
higher in the urban areas than in the rural areas, irrespective of the season and time. The intensities of
SUHIs differed in accordance with the different urban areas and seasons; however, all three cities
showed maximum intensities of more than 10 <T at noon during the summer. All three cities also
showed the most distinctive diurnal patterns of the SUHI during the summer as compared to other
seasons. In Seoul, while diurnal variations of SUHIs were quite strong with a maximum of 15 <C at noon
during summer and fall, they significantly decreased to about 5 <C during spring and winter. In Tokyo,
the SUHIs showed relatively large diurnal variations during all of the seasons. The spatio-temporal
variations of SUHIs in Seoul and Tokyo were more or less similar; this is likely because the surrounding
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environments (i.e., distance from a water body) were similar. On the contrary, in Beijing, diurnal
variations of SUHIs were strong only during summer, and these greatly weakened and sometimes even
displayed an inverse pattern during other seasons, in which the weakest SUHI occurred at noon. The
large SUHIs during nighttime in Beijing were mainly caused by the steeper decreases of LST in rural
areas than urban areas. This distinct diurnal variation of SUHI can be caused by the combined effects
of low solar elevation, less or no vegetation and emissions of artificial heat for heating buildings, but in
this regard, further investigations using more observational data will be required before we can make
any definitive attribution statements.

Figure 7. Diurnal variation of the SUHI in Seoul according to the season.
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The diurnal variation patterns of the UHI and SUHI of Seoul were compared using the AWS air
temperature data, which is maintained by the KMA located in Seoul (Figure 10). To minimize the effects
resulting from differences in geographic location and the surrounding environment, the AWS site
located nearest to the pixel selected as the urban and rural area was selected for analysis (Table 2). In
general, the LST and air temperature represent the area mean surface temperature and point temperature
at 2 m, respectively. It is well known that the spatio-temporal variations of LST are greater than that of
air temperature, in particular, for dry and paved surfaces. As a result, the LST on a hot and sunny
summer day can be hotter than the air temperature by as much as a few tens of degrees Celsius, as is
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shown in Figure 10. Hence, the differences in the diurnal variations of the SUHI and UHI were mainly
caused by the large spatio-temporal variability of LST.
Figure 9. The same as Figure 8, except for Beijing.
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Table 2. Geographic information for the selected automatic weather system (AWS) site.

City Type Station Lat. (N), Lon. (E) Height  Distance
Urban 408/Dongdaemun 37.58, 127.05 49 m
Seoul  pural 326/t Yongmun 37.60, 127.58 po7m  A680KM

While the intensity of the SUHI was strongest at noon during the summer and fall, the strongest
intensity of the UHI occurred mostly at nighttime, and its maximum intensity was 67 <C, which was
smaller than that of the SUHI during the daytime. As in other cities, the intensity of the UHI during the
daytime was very weak (~1 <C), whereas the intensity of the UHI was similar to that of the SUHI during
nighttime, irrespective of the seasons [9,10,18]. The larger intensity of the UHI compared to that of the
SUHI during nighttime in spring can be caused by calm and clear weather conditions; this is because
the UHI is generally intensified when the sky is clear and winds are calm. It is interesting to note that the
intensities of the UHI and SUHI during nighttime in the summer were consistently weaker than those of
other seasons. The weak intensity of the UHI during the daytime, irrespective of seasons, may be
related to decreased atmospheric vertical stability during radiative heating of the land surface, which
activates vertical and horizontal mixing [31,32].

The LST was higher than the air temperature during the daytime, irrespective of the geographic
locations and seasons, and vice versa during nighttime. As a result, the LST at times was identical to
the AWS temperature, mostly at sunset (18:00 local standard time) and at dawn (06:00 local standard
time), in both the urban and rural areas, even though the times were seasonally different. Even though
this trend is not shown in the figures, similar diurnal variation patterns between LST and air
temperature were observed for rainy or very windy days, and these data showed that the SUHI was
also greatly affected by weather conditions.
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Figure 10. Diurnal variations of LST (red and blue solid lines), SUHI (red bars), automatic
weather system (AWS) air temperature (red and blue dashed lines) and UHI (urban heat
island) (blue bars) in Seoul according to the season. (a) Srping 13 April 2011, (b) Summer
21 June 2011, (c) Autumn 03 October 2011, (d) Winter 07 January 2011.
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3.5. Relationship between SUHI and NDVI

To analyze the effects of vegetation on the SUHI, the NDVI data, which represent the amount and
conditions of vegetation, provided by the MODIS land surface group (MYD13A2, MOD13A2) were
downloaded from USGS [30]. These NDVI data have an eight-day cycle and a spatial resolution of 1
km, and data quality information showing the data conditions (for example: normal or cloud
contamination) is also provided. Because the spatial resolution of the COMS LST data is 4 km, only
the LST data with more than five normal NDVI pixels among the corresponding MODIS
3 %3 pixels were selected for analysis. The effects of vegetation on the SUHI intensity between daytime
and nighttime are shown in Figure 11. Here, the daytime and nighttime represent the 12:00 and 5:00
data, respectively. The negative differences of NDVI between urban and rural points indicate that the
fractional coverage and conditions of vegetation at the rural points were greater than those at the urban
points. This means that more cooling is likely occurring at the rural points via active evapotranspiration
and the shadowing effect of vegetation during the daytime. As a result, while the intensity of the SUHI
was proportional to the vegetation differences between the urban and rural areas during the daytime, it
did not show any particular relationship during nighttime. This different relationship between day and
night may have occurred because cooling by vegetation activity does not occur during nighttime, and
thus, it does not affect the nighttime LST in both the urban and rural areas. As shown in Peng et al. [18],
these data also indicate that the SUHI during nighttime can be controlled by differences in surface heat
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storage between urban and rural areas. In Beijing, the intensity of the SUHI significantly decreased
for small differences in the NDVI between urban and rural pixels; this was because the pixels selected
as the rural areas are farmland that was bare after harvest.

Figure 11. The relationship between the differences in the Normalized Difference
Vegetation Index (NDV1) and the intensity of SUHI for the (a) daytime and (b) nighttime.
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4. Conclusions

In this study, the spatio-temporal variations of SUHIs (surface urban heat island) over three megacities
(Seoul, Tokyo and Beijing) in East Asia were analyzed using hourly LST (land surface temperature)
data for the period from April 2011 to March 2012. The data were derived from the COMS
(Communication, Ocean and Meteorological Satellite), which is Korea’s first geostationary multi-purpose
satellite. Additionally, diurnal variations of SUHIs were compared to the diurnal variations of UHISs,
and the impacts of vegetation activity on the intensity of SUHIs were also investigated.

In general, the spatial variation of LST was greater during the daytime than nighttime, and the
temporal variation of LST was greater in urban areas than in rural areas. As a result, the intensities of
SUHIs were stronger during the daytime than during nighttime, irrespective of the cities. Although the
magnitude of the amplitude differed slightly for the different megacities, the intensities of SUHIs
showed significant seasonal variation during the daytime, and the maximum (10-13 <C) and minimum
(~2 <C) were observed during the summer and during winter, respectively. However, the intensity of
the SUHI during nighttime was relatively constant (4-5 <C) in Seoul and Tokyo, irrespective of the
seasons. The intensity of the SUHI in Beijing showed a different pattern of seasonal variation from
those of the other cities, and in this region, there was stronger seasonal variation during the daytime
and inversed seasonal variation during nighttime. The LST was always higher in the urban areas than in
the rural areas, irrespective of the cities, seasons and time. However, the intensities of SUHIs showed
distinct diurnal variation according to the seasons and megacities, and the strongest (~15 <C) and
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weakest (~5 <C) diurnal variations occurred during the summer and winter, respectively. Similar to the
seasonal variation of the SUHI, the diurnal variation of the SUHI in Beijing was different from the
variation in other cities, except for during the summer. In Beijing, the diurnal variation was greatly
weakened and also displayed inverse patterns during non-summer seasons; the weakest (~3 <C) SUHI
occurred at noon. The distinct seasonal and diurnal variations of the SUHI in Beijing may be related to
the fact that the rural pixel for Beijing was fields that were mostly composed of farmland. Hence, the
small differences in vegetation conditions between the urban and rural areas, except for during the
relatively short growing season, resulted in a weak SUHI during the daytime in the spring and winter.

The intensities of SUHIs and UHIs showed quite different diurnal variation patterns without regard
to the seasons, and the strongest intensities occurred during noon in the summer and during nighttime
in the winter, respectively. As a result, the differences between the intensities of SUHIs and UHIs were
most prominent during the daytime in all seasons. In general, the intensity of SUHI was proportional to
the vegetation differences between the urban and rural areas during the daytime, but it did not show any
particular relationship during nighttime. This indicates that the SUHI during the growing seasons was
intensified by the cooling effect of vegetation (e.g., through shadowing and evapotranspiration) in
rural areas.

Unequal sample sizes were used for the LST data in different megacities and seasons, because of
the variable effects of weather conditions, such as from clouds, precipitation and fog (i.e., data
contaminated with noise from cloudy weather were excluded from analyses). Hence, the results of this
study should be interpreted with caution. To produce statistically more meaningful results, analyses
using data from longer time periods will be required. In addition, analyses of the effects of weather
conditions on the spatio-temporal variations of the SUHI in East Asia using high-resolution data, such
as the MODIS (Moderate Resolution Imaging Spectroradiometer) LST, would be valuable.
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