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Abstract: Many studies have found that larger parks might be needed to counteract the Urban Heat
Island effects typical in densely populated Asian megacities. However, it is not easy to establish large
parks to serve as urban cool islands in Asian megacities, where little space exists for large urban
neighborhood parks. Officials in these cities would rather use small areas by replacing heat-absorbing
artificial land cover with natural cover. The main objective of this study was to understand the cooling
effect of changes in land cover on surface and air temperatures in urban micro-scale environments for
supporting sustainable green-space planning and policy in densely built-up areas. This was achieved
using measurements at different heights (ground surface, 0.1 m, and 1.5 m) for five land cover
types (LCTs) and modeling with the micro-scale climate model ENVI-met. At all vertical measuring
points, the average temperature over the entire measurement period had the same hot-to-cold order:
asphalt > soil > grass > water > forest. However, the value dramatically decreased as the measuring
points became higher. The intensity of hot and cool spots showed the highest value at surface
by 18.2 ˝C, and declined with the height, showing 4.1 ˝C at 0.1 m and 3.1 ˝C at 1.5 m. The modeling
results indicated that the well-known diurnal variation in surface insolation also occurred in our small
domain, among the various LCTs. Based on these findings, providing small-scale green infrastructure
in densely built-up areas could be an effective way to improve urban micro-scale thermal conditions.

Keywords: micro-scale thermal environment; cool spot; ENVI-met; green-space planning;
climate change

1. Introduction

The urban heat-island effect is a phenomenon that occurs when the air temperature over urban
areas is significantly higher than that over surrounding rural areas due to increased amounts of
anthropogenic heat, heat-absorbing land cover, air pollution, and the reduction of green spaces as
urban areas develop. Higher temperature has impacts on the habitability of cities. For example, it
could increase the risk of mortality [1–4], and could also increase the consumption of energy for cooling
in summer, thereby contributing to global warming [5].

In contrast, the urban cool island (UCI) effect is the phenomenon that occurs when lower
air temperature occurs in green spaces, than occurs in artificial surroundings. Since UCIs can
mitigate negative urban heat-island effects, many studies have been performed to identify cooling
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effects of green spaces that might serve as tools to ameliorate the effects of climate change [6–10].
Some studies have found that urban parks are 1–2 ˝C, sometimes 5–7 ˝C, cooler than their urban
surroundings [2,11–13]. Although park size may be non-linearly correlated to park cool-island
intensity [2,11], the park cooling effect generally depends on the park size [11,14–16]. Hence, larger
parks might be needed to counteract the UHI effects that typically cause such suffering in densely
populated cities, such as Asian megacities.

However, it is not easy to establish large parks as urban cool islands in Asian megacities.
There, the rapid urban transition has evolved dense urban infrastructure and little space for large
urban neighborhood parks. The officials of these cities would rather use small areas by replacing
heat-absorbing artificial land cover (like asphalt-covered pavement) with natural land cover (like
vegetation and water) to form what could be termed cool spots, than to establish new cool islands in
the form of large parks. Considering the nature of densely populated Asian cities, many cool spots in
densely built-up areas might be more helpful. To support the use of cool spots for green-space design
within micro-scale areas and in land-use planning during urban regeneration, the climatic effects of
each land cover type (LCT) should be investigated at the scale of human activity.

Much of the research into thermal effects of land cover and vegetation involves broad-scale
approaches that use images from remote-sensing satellites to indicate surface temperature [17–21].
Together with remote sensing data, field investigations were used for assessing the effect of land
cover changes on air temperature for large area [20]. These kind of data can support local-scale
urban planning and decision-making, considering heat-island mitigation and air-quality-improvement
measures [22,23]. Fine-scale approaches to the study of thermal effects of land cover and vegetation,
normally use small meteorological sensors or mobile devices to measure air temperature [13,24–26].
Both surface temperature and air temperature are affected by LCTs, and hence thermal variation of
surface and air temperatures by LCT at fine scale should be quantitatively investigated to support
the use of cooling effects for green-space design within micro-scale areas in densely built-up Asian
megacities like Seoul, South Korea. In particular, it is needed to find out the formation of cool spots in
microclimates provided by different LCTs within the broader-scale UHI effect. However, there is not
much quantitative data regarding fine-scale thermal variation due to changes in land cover within
urban environments. Some studies focused on thermal environments in high densely urbanized areas
such as Mexico City [27], Taipei City [2], Lisbon [28] and Hong Kong [29], which showed how the size
and type of green areas affect thermal environment.

The main aim of this study is to understand the thermal effect of very small-scale changes in land
cover on surface and air temperatures in urban microclimates for supporting land use planning and
policy in densely built-up areas like Asian megacities. We selected the Kunkuk University campus
(Seoul, Korea) as a test bed and measured temperatures at different vertical heights within different
LCTs during summer and winter. The measurements were expected to investigate temperature
changes and thermal characteristics at and near the ground surface in consideration of human activities.
Next, urban microclimate modeling was performed using the ENVI-met model to simulate fine-scale
interactions between urban surfaces and the atmosphere within various types of land cover. Finally,
cool spot effects were analyzed using the results from both measurement and model simulation.
We expect this work could provide scientific basis to understand the effectiveness of small green
infrastructure implementation plans for mitigating climate change in old-and-populated megacities
like Seoul.

2. Materials and Methods

2.1. Study Area

The Konkuk University campus is located in east-central Seoul. The area surrounding the
university campus includes commercial facilities, high-rise residential buildings, and two subway
stations, all within an area of high population density. Hence, this test bed is within an area
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representative of the complex, negative characteristics of the modern urban climate. These include
generation of waste heat from intensive energy consumption, greenhouse effects caused by air
pollutants, accumulation of heat during daytime due to the heat capacity of high-rise structures,
and low evapotranspiration due to high ratios of impermeable surfaces. The campus includes a variety
of LCTs including asphalt-paved roads, buildings, grassy land, forest, and a lake. Inclusion of relatively
large area of forest, grass, and lake—2nd largest artificial lake in Seoul—makes the campus serve as
an urban park area, not only for students but also for residents in the vicinity. For all these reasons,
Konkuk University campus is considered the deal test bed for monitoring the microclimate of LCTs,
and for analyzing the characteristics of urban heat islands and cool islands (green spaces and water
bodies) in an Asian megacity.

The domain for urban microclimate modeling covered an area 1.5 km ˆ 1.5 km, which comprised
the Konkuk University campus and the surrounding area. This domain consists of typical urban
land-use types: mixed use (39.81%), public (19.69%), residential (17.88%), roads (10.48%), green
and open spaces (5.51%), commercial (4.35%), water body (2.26%), and industrial areas (0.03%).
A distinguishing mark of this domain is the large artificial lake, which was used to determine the
thermal effects of artificial water bodies in our study (Figure 1).
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Figure 1. Domain for microclimate modeling including the Konkuk University campus.

2.2. Temperature Measurement

Temperature is the most important parameter to understand UCI effect. The measurements in this
study were performed; (1) to investigate differences of temperature by different LCT and by different
heights, (2) to assess performance of the microclimate model (ENVI-Met) simulation. The AWS
monitoring network in Seoul was not dense enough to investigate the meteorological characteristics
for each receptor within our study domain. Furthermore, for built-up areas with little open spaces,
AWSs are normally installed on the roof of a building. Hence, their data are not adequate to represent
near-surface meteorological conditions that directly affect the thermal comfort of humans. For this
reason, we directly measured temperature to provide detailed temperature changes and thermal
characteristics near the surface within the different experimental LCTs: soil, grass, forest, water, and
asphalt. The measurement points of the five LCTs were the same as the five receptors selected for
ENVI-met simulations.

Temperature measurements were performed between 1:00 p.m. and 3:00 p.m., when thermal
changes in microclimate by LCT were distinctly observed. The measurements were done in summer
to clearly represent the thermal characteristics of each LCT, and also done in winter to determine
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the thermal variation in each LCT when solar radiation was weak. Temperatures were measured
through 11 measurement campaigns from the end of July to early September in 2013 for summer
period, and 12 campaigns from the end of October through early December in 2012 for winter period.
During each campaign, measurements were done for five land cover types. The measurements of
each land cover type were repeated three times at the same location for all campaigns. This was done
via hand-held measuring devices, such as the illuminometer DT-1308 (It was used just to provide
relative light intensity differences so that similar solar intensity conditions could be maintained at each
measuring point), the infrared thermometer DT-8865 (for surface measurements), and the temperature
meter TESTEK-303A (for simultaneous measurements at two points using an external sensor).

To determine thermal characteristics at and near the ground surface, temperature measurements
were done at three different heights at each measurement point. First, the temperature was measured
directly on the ground surface in order to observe temperature differences of the natural ground
surface between LCTs. Second, the temperature at 0.1 m height was measured to observe near-surface
air temperature, directly representing surface thermal properties. Third, the air temperature at 1.5 m,
the standard measuring height in which human activities are directly influenced, was measured to
analyze the effects of land cover on the human thermal environment, and to understand the relations
between surface temperature and air temperature. The measurements were also repeated three times
for each height, and the average temperatures calculated were finally used as the representative values
for each LCT and height.

2.3. Urban Microclimate Modeling

ENVI-met [30], the three-dimensional non-hydrostatic urban-climate model, has been used to
simulate micro-scale interactions between urban surfaces, vegetation and the atmosphere in a number
of urban-climate studies [31–33]. Since this model has been adopted to examine the effect of greenery,
paved areas, and soil type on the thermal environment, and the sophistication of simulations by
ENVI-met has been examined by lots of other studies [28,34,35], ENVI-met was adopted to supplement
the measurements in this study. Hence, the ENVI-met model was used to simulate the microclimate of
the test bed and its surroundings. The entire model domain contained 75 ˆ 75 grids with 20 m grid
spacing in the x- and y-directions, and 30 layers with 20 m vertical grid spacing in the z-direction,
extending to a height of 600 m.

The model input parameters used are shown in Table 1. The surface data was generated using
aerial LiDAR data acquired by the National Geographic Information Institute of Korea.

Table 1. Input parameters for ENVI-met modeling.

Section Value

Modeling area (L,W,H) (m) 1500 ˆ 1500 ˆ 600
No. of grid cell (x,y,z) 75 ˆ 75 ˆ 30

Configuration file
Total simulation time (h) 24
Start simulation time (h) 07:00:00
Save model state (min) 60

Meteorological inputs
Mean roughness length of study area (m) 0.5
Specific humidity at 2500 m a.s.l. (g/kg) 6

Relative humidity at 2 m a.s.l. (%) Average data from AWS
Wind speed and direction 10 m a.s.l. (m/s) Average data from AWS

Initial atmospheric temperature (K) Data from hand-held measuring devices

Soil inputs
Initial soil temperature (K) Data from annual climatological reports

Relative humidity (%) Data from annual climatological reports

Building inputs
Building inside temperature (K) 301

Mean heat transmission of walls (W/m2¨ K) 1.7
Mean heat transmission of roofs (W/m2¨ K) 6.0

Mean wall albedo 0.35
Mean roof albedo 0.4
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TerraScan and TerraModeler developed by Terrasolid, which are industry-standard software tools,
were used for processing the aerial LiDAR data. The data were finally organized in layers of Digital
Elevation Model (DEM) and Digital Surface Model (DSM) as geomorphological data, surface cover
like building, vegetation, asphalt, soil, and water (Figure 2).
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Figure 2. Input data setting for ENVI-met modeling: Digital Elevation Model (DEM) and Digital
Surface Model (DSM) as geomorphological data, surface cover (building or tree) and soil types.

The meteorological parameters were generated from field measurements, from an Automatic
Weather Station (AWS) operated by the Korea Meteorological Administration (KMA), and from annual
climatological reports published by the KMA. The temperature data were from field measurements
using portable devices, wind and humidity data were from an AWS located near the test bed, and soil
data were from climatological reports for the years 2012 and 2013. We selected five land cover types
(LCTs): paved road in campus was designated as “Asphalt”, lake is representative of “Water”, a soccer
field that is bare soil is representative of “Soil”, grass area is representative of “Grass”, and forest area
that is underneath the forest canopy is representative of “Forest”. To extract time-sequential data from
ENVI-met modeling and to verify modeling results using measurement data, receptor files were setup,
showing the state of the atmosphere, the surface and of the soil at selected points inside the ENVI-met
model. Hence, five receptors by LCTs (Soil, Grass, Forest, Water, and Asphalt) were defined within the
simulation domain.

3. Results and Discussion

3.1. Surface and Air Temperature from Measurement

Table 2 shows the average temperatures of data measured by the portable measuring devices for
five LCTs during summer (29 July to 15 September 2013) and winter (25 October to 7 December 2012)
periods. Surface and air temperatures at heights of 0.1 m and 1.5 m were collected separately and
averaged for each of the five LCTs. The average temperatures represent arithmetic mean of five LCTs,
not intended to represent domain-wide average temperatures.

Table 2. Average temperatures measured by the portable measuring devices for five land cover types
at different heights during summer and winter periods (Unit: ˝C).

Season Height Soil Grass Forest Water Asphalt Avg.

Summer Period
1.5 m 33.7 33.5 31.5 32.9 34.6 33.2
0.1 m 33.8 33.2 31.2 32.5 35.3 33.2

Surface 33.6 32.2 29.1 31.5 47.3 34.7

Winter period
1.5 m 14.5 13.8 11.9 13.7 15.0 13.8
0.1 m 13.0 12.8 12.2 12.8 14.7 13.1

Surface 9.8 10.8 7.3 9.1 13.0 9.7
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Figure 3 shows comparisons of all the vertical-measurement over five LCTs during summer. The
measurement temperature exhibited the same patterns at all vertical measurement points. Asphalt
had the highest value, followed by soil, grass, water, and forest. This means that artificial land cover
has higher temperatures than natural ones in all vertical layers (to the maximum height measured).
Taking a closer look at data from the vertical measuring points, the average temperature difference
among LCTs at the ground surface was 18.2 ˝C: asphalt had the highest value (47.3 ˝C) and forest
had the lowest (29.1 ˝C). The greatest difference was 24.2 ˝C, recorded on 9 August between asphalt
(highest value 53.1 ˝C) and forest (lowest value 28.9 ˝C). The difference in surface temperature among
LCTs was clearly defined in the summer-heat-wave period following the rainy season. In particular,
the temperature over asphalt is clearly higher than other LCTs at the ground surface, compared with
those at heights of 0.1 m and 1.5 m. Compared with the average temperature difference at the ground
surface, this was clearly lower at 0.1 m, with a difference of 4.1 ˝C between asphalt (35.3 ˝C) and forest
(31.2 ˝C). This is because the temperature at this height is affected mainly by atmospheric factors,
although it is still affected by the type of land cover. The average temperature difference among LCTs
at the height of 1.5 m was 3.1 ˝C (between asphalt: 34.6 ˝C and forest: 31.5 ˝C). This was the lowest
difference value, compared with those at other measuring heights.
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The interesting result was that artificial and natural land covers have different patterns in
vertical variation of thermal microclimate. Asphalt had the highest temperature at the surface
(average 47.3 ˝C), and the value dramatically decreased at the height of 0.1 m (35.4 ˝C) and 1.5 m
(34.6 ˝C). While temperatures over the artificial land cover declined with increasing height,
temperatures over the natural land cover increased with increasing height. The lowest average
temperature of the three natural land covers (grass, forest, and water) was recorded at the surface
(30.9 ˝C), and temperatures increased at 0.1 m (32.2 ˝C) and 1.5 m (32.6 ˝C). We think that the
difference in specific heats between artificial and natural LCTs influences the vertical variation within
the thermal microclimate.

Among the temperature patterns at three measuring heights, the temperature over asphalt was
higher than over other types at all heights, and this created hot spots. Among the natural LCTs, forest
had the lowest temperature at all heights due to the shielding effect of forest canopies (blocks and
absorbs solar energy). Compared with the hot spots over asphalt, cool spots definitely formed at
micro-scale in the forest.

Similar to the case during summer, asphalt had the highest value at all measuring heights and
forest had the lowest during winter. However, compared with that from summer period, the winter
showed different variations in temperature with increasing height. While temperature over the artificial
land cover declined with increasing height during summer, temperature increased with increasing
height during winter. In contrast, temperatures over the natural land covers increased with increasing
height, just as in summer.

3.2. Surface Temperature from Microclimate Modeling

Figure 4 shows the temporal distribution of the surface temperatures from the ENVI-met model
simulations for summer. Asphalt was the LCT with the highest temperature recorded (averages for
each simulation day range from 27.8 ˝C to 33.0 ˝C), and it was followed by soil (averages from 22.7 ˝C
to 28.3 ˝C), forest (averages from 22.8 ˝C to 28.1 ˝C), and grass (averages from 22.0 ˝C to 27.3 ˝C). Water
was the LCT with the lowest (averages from 21.5 ˝C to 26.9 ˝C). The highest temperature ranges were
found between 12:00 p.m. and 3:00 p.m. in all LCTs. The greatest difference in temperatures occurred
between natural and artificial LCTs in the middle of the day, when the solar radiation gradually
increasing after sunrise. The maximum temperature difference appeared between asphalt and water at
2:00 p.m., recording the average value of 12.8 ˝C. The temperature difference between natural and
artificial LCTs decreased gradually during the night without the influence of solar radiation, and the
minimum difference was founded early in the morning before sunrise (average value of 1.3 ˝C). These
modeling results indicated that high temperatures during daytime are remarkably reduced at night,
and verified that the well-known diurnal variation in surface insolation also occurred in our small
domain, among the various LCTs. An interesting result was also found between two natural LCTs.
The surface temperatures above grass were higher than those over soil during the day, but lower over
grass at night. We think that this phenomenon resulted from the variation of specific heat in these two
modeled LCTs.

Figure 5 shows the spatial distribution of the surface temperature from the ENVI-met model
simulation at 2:00 p.m. As mentioned above, the artificial LCT had higher temperature than natural
ones across the domain. Taking a closer look at the case on 7 August 2013 (Figure 5a), surface
temperatures above asphalt-covered roads were higher than above other LCTs (daily mean temperature
of 33.0 ˝C). Water, grass and forest were lower than others (daily mean temperatures of 25.3 ˝C, 25.6 ˝C,
and 25.8 ˝C, respectively). We also observed that low temperatures also appeared in some densely
built-up areas with high buildings and little natural land cover. These were the result of effects from
shadows cast by the high buildings.
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Figure 5. Spatial distribution of surface temperature from ENVI-met model simulations at 2:00 p.m.
during summer. (a)–(e) mean the target dates for the modeling: (a) 7 August 2013; (b) 9 August 2013;
(c) 12 August 2013; (d) 28 August 2013; (e) 15 September 2013.

The spatial distribution of surface temperatures during winter exhibits patterns similar to those
of summer. Figure 6a shows the result of ENVI-met model simulation at 2:00 p.m. on 1 November
2012. Asphalt had the highest temperature (15.7 ˝C), while water and grass had the lowest (10.6 ˝C
and 9.9 ˝C, respectively). The maximum temperature difference at 2:00 p.m. in winter was between
asphalt and grass (5.8 ˝C). Compared to summer the difference was lower, but the spatial pattern of
temperature variation by LCT was similar.
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3.3. Correspondence Analysis between Microclimate Modeling and Measurement Data

The correspondence between microclimate modeling (using ENVI-met) and the temperature
data (measured by portable measuring devices) was analyzed. The analysis was done using surface
temperatures from modeling and measurement for each type of land cover at 2:00 p.m. in the summer
and in the winter. The ratio of modeling data to measurement data ranged from 1.0 (9 August 2013) to
20.76 (7 December 2012). The median ratio for each LCT was 0.93 (asphalt), 0.96 (soil), 0.97 (grass), 1.01
(water), and 1.16 (forest). On average, a median ratio of 0.98 shows high correspondence between the
modeling data and measurement data.
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Figure 7 is the result of linear regression analysis of surface temperatures from modeling and
measurement data for each LCT. The gradient of the trend line ranged from 1.06 (forest) to 1.30
(asphalt), and the R-squared values (R2) ranged from 0.94 to 0.96 (averaged 0.96), which indicates the
model underestimates by 6%–30%. The correlations between modeling data and measurement data
were strong for all LCTs. Compared with other studies used ENVI-met modeling such as [30] (slope:
1.7395 and y intercept: 24.132) and [35] (slope: ´3.14–8.22 and y intercept: 0.76–1.20), we think the
agreements showed in Figure 7 can be evaluated as a reasonably good modeling performance.
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3.4. Analysis of Cool Island Effects by Model Simulation and Measurement Data

As mentioned in the introduction, cool islands can mitigate damage from thermal extremes like
heat waves. Hence, they are mostly important in summer, particularly in the mid-afternoons. Table 3
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shows the minimum, maximum and average values of diurnal temperature of each land cover type,
based on 33 samples from 11 measurement campaigns. According to measurements performed in
mid-afternoon during August, the diurnal thermal variation at the ground surface of the five LCTs
ranges from 27.6 ˝C to 53.1 ˝C. Using temperatures averaged over the entire measurement period, the
temperature variation of forest had the lowest value (5.6 ˝C lower than the average), while that of
asphalt had the highest value (12.6 ˝C higher than the average).

Table 3. Comprehensive summary of diurnal temperature variation based on 33 samples from 11
measurement campaigns for five land cover types at different heights during summer period. The
value in parentheses indicates the difference from the average value of five LCTs (Unit: ˝C).

LCT
Surface 0.1 m 1.5 m

Min. Max. Avg. Min. Max. Avg. Min. Max. Avg.

Soil 31.1 35.1 33.6 (´1.1) 32.2 34.4 33.8 (+0.6) 32.0 34.1 33.7 (+0.5)
Forest 27.6 31.0 29.1 (´5.6) 30.5 31.8 31.2 (´2.0) 30.8 31.9 31.5 (´1.7)
Grass 30.1 33.1 32.2 (´2.5) 32.4 33.8 33.2 (˘0.0) 32.7 33.9 33.5 (+0.3)

Asphalt 41.1 53.1 47.3 (+12.6) 34.2 36.7 35.3 (+2.1) 33.8 35.6 34.6 (+1.4)
Water 30.3 32.4 31.5 (´3.3) 30.8 33.8 32.5 (´0.7) 31.8 33.9 32.9 (´0.3)

Measures of daily thermal variation at the height of 0.1 m also indicate that the forest had the
least variation (with minimum value of 30.5 ˝C) and that asphalt had the highest (with maximum
value of 36.7 ˝C). Compared with the results at the ground surface, temperature variation at this height
was greatly reduced; although, the hot-to-cold order by LCT remained unchanged. The temperature
variation, averaged over the entire measurement period, ranged from 2.0 ˝C lower than the average in
forest, to 2.1 ˝C higher in asphalt.

The daily thermal variation at the height of 1.5 m also indicated that the forest had the lowest
variation (with minimum value of 30.8 ˝C) and asphalt had the highest (with maximum value
of 35.6 ˝C). The temperature variation, averaged over the entire measurement period, ranged from
1.7 ˝C lower than the average in forest, to 1.4 ˝C higher over asphalt.

At all vertical measuring points, the average temperature over the entire measurement period had
the same hot-to-cold order: asphalt > soil > grass > water > forest (Figure 8). This result substantiates
that LCTs influence changes in air temperature, and that their effects are reduced with increasing
distance from the surface that serves as the heat source. Furthermore, the phenomenon that at all
vertical heights, hot spots formed over asphalt and cool spots formed in forest, plays an important role
in urban micro-scale thermal environments.
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Figure 9 shows daily mean surface temperature by LCT from the ENVI-met simulation during
August. Similar to the measurement results, the highest temperatures were found for asphalt, which
was clearly distinguished from the likes of grass and water. Unlike for the measurement results,
the second highest temperature recorded was for grass. This cover type had a significantly higher
maximum value (than measured), although the average value is definitely lower than asphalt, and
similar to that of forest. The lowest values were those for soil and water.
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Overall mean surface temperature by LCT from model simulation was inter-compared as shown
in Figure 10. The highest mean surface temperature appeared in asphalt (41.1 ˝C), followed by grass
(31.9 ˝C), forest (30.8 ˝C), water (29.8 ˝C), and soil (29.6 ˝C). The difference between artificial and
natural LCTs was clearly identified (greater than 9.2 ˝C), but that among natural LCTs was less
than 2.3 ˝C. This indicates that the greatest temperature reductions (i.e., cool island effects) occur when
artificial land cover is changed to natural land cover (e.g., grass, forest, and water). Moreover, variation
in cooling effect from switching among natural land covers appears to be relatively low; however,
bioclimatic aspects of microclimate like humidity control within each LCT were not considered in
this study.
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Figure 10. Inter-comparison of overall mean surface temperature by land cover types from ENVI-met
simulation during August.

4. Conclusions

The aim of this study was to understand the climatic effect of changes of land cover on surface
and air temperatures in urban micro-scale thermal environments. To achieve this, the Konkuk
University campus (Seoul, South Korea) was selected as a test bed, and five places were chosen
to represent the five LCTs—asphalt, soil, grass, forest, and water. At these places, we measured surface
temperatures, and air temperatures at the heights of 0.1 m and 1.5 m during summer and winter. Then
we compared the measured temperatures with AWS-observed values and microclimate modeling
results from ENVI-met.

At all vertical measuring points, the average temperature over the entire measurement period had
the same hot-to-cold order: asphalt > soil > grass > water > forest. However, the value dramatically
decreased as the measuring points became higher. This result substantiates that LCTs influence changes
in air temperature, and that their effects are reduced with increasing distance from the surface that
serves as the heat source and with the materials involved (solid and liquid surface vs. air).

The formation of hot and cool spots according to LCTs was also verified. Among the temperature
patterns at three measuring heights, the temperature over asphalt was higher than over other types at
all heights, and this created hot spots. Compared with the hot spots over asphalt, cool spots definitely
formed at micro-scale in the forest. However, the intensity of hot and cool spots showed different
characteristics. The average temperature difference among LCTs at the ground surface was 18.2 ˝C
between asphalt (47.3 ˝C) and forest (29.1 ˝C). It was clearly lower at 0.1 m, with a difference of 4.1 ˝C
between asphalt (35.3 ˝C) and forest (31.2 ˝C), and at the height of 1.5 m with 3.1 ˝C between asphalt
(34.6 ˝C) and forest (31.5 ˝C).
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Similar results were found in the ENVI-met model simulations. The natural LCTs such as grass and
forest showed lower temperatures, whereas the artificial one (asphalt) showed a much higher surface
temperature. During the daily change in temperature by land cover during summer, the maximum
temperature difference appeared between asphalt and water at 2:00 p.m. (average of 12.8 ˝C), and the
minimum appeared early in the morning before sunrise (average of 1.3 ˝C). These modeling results
indicated that high temperatures during daytime are remarkably reduced at night, and verified that
the well-known diurnal variation in surface insolation also occurred in our small domain, among the
various LCTs.

From both measurements and microclimate modeling, we verified the formation of hot spots
and cool spots according to LCTs in micro-scale thermal environments. The hot spots, which caused
increases in air temperature, formed over artificial land covers such as asphalt, whereas the cool spots
formed over natural LCTs. In particular, forest has a stronger influence on cool spot formation than do
grass and water. Hence, artificial land cover should be changed to natural land cover like grass, forest,
and water to obtain cooling effects. It is also recommended that changing asphalt and concrete land
covers to forest would provide the greatest thermal effects by creating the most significant cool spots.
Based on these findings, providing green infrastructure in densely built-up areas could be an effective
way to improve urban micro-scale thermal conditions.

Our study focused on providing quantitative thermal information that can be used to find effective
ways to improve urban micro-scale thermal conditions in the densely built-up areas, like Seoul. The
results can provide real range of temperature differences, which can be used to assess the effectiveness
of urban regeneration plans for old industrial zones and old residential areas. Series of modeling
experiments to assess the effectiveness of those planning measures, from the microclimate viewpoint,
should be conducted as follow-up research.
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