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Abstract: Urban heat islands (UHI) are a widely documented phenomenon that adversely increases
urban overheating and, among other effects, contributes to heat-related mortalities and morbidities
in urban areas. Consequently, comprehensive UHI-mitigating measures are essential for improving
urban microclimate environments and contributing to salutogenic urban design practices. This
study proposed urban cooling strategies involving different tree percentages and leaf area densities
in a dense urban area during the summertime in Korea. The cooling effects of sixteen various
combinations of proposed scenarios based on common urban tree types were studied via in-situ
field measurements and numerical modeling, considering both vegetated and exposed areas. It was
observed that by changing the characteristics of the leaf area density (LAD) per plant of our vegetated
base area—for instance, from 4% trees to 60% trees, from a low LAD to a high LAD—the daily average
and daily maximum temperatures were reduced by approximately 3 °C and 5.23 °C, respectively.
The obtained results demonstrate the usefulness of urban trees to mitigate urban heating, and they
are particularly useful to urban designers and policymakers in their efforts to minimize UHI effects.

Keywords: vegetation cooling effect; street canyon; urban planning; sustainable development;

numerical modelling

1. Introduction

Increased urbanization and population densities result in urban heat islands (UHI).
UHI is a phenomenon in which the temperature in urban areas is considerably higher than
that in rural areas or the urban peripheries [1-3]. The causes of UHI are well documented
in the literature [4]. The fundamental drivers of UHI are related to (i) increased anthro-
pogenic activities, particularly those related to space cooling in buildings; (ii) reduced
convective heat losses as a result of the high-absorptance materials prevalent in urban areas;
(iii) condensed infrastructure that modulates wind flows and radiative heat exchanges,
which inherently modulate the thermal structure in urban areas. The effects of UHI are also
well documented for major global cities in the world [5-8]. For instance, Santamouris et al.
estimated an increase in the global electricity demand of up to 8.5% for a unit increase in
temperature [9]. UHI is also linked to increased heat-related mortalities and morbidities in
urban areas, especially during heat wave periods [10-13].

In order to mitigate the UHI-related effects discussed above, urban greenery, surface
reflectance modifications, or a combination of both strategies (i.e., urban greenery and
surface reflectance) have been proposed in the past [14-16]. The presence of greenery im-
proves microclimates through various complex mechanisms that can be subtly summarized
into three fundamental processes: (i) reduced solar insolation by building components as
a result of solar shading; (ii) reduced long-wave exchanges among urban infrastructural
elements as a result of solar blockage; and (iii) reduced dry-bulb temperature and increased
latent cooling as a result of increased evapotranspiration. The effect of greenery on temper-
ature reduction and microclimates has been quantified in various climates through field
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measurements and numerical modeling up until the present. For example, the result of a
recent literature review by Santamouris et al. indicated that adding additional trees inside
an urban canopy layer results in an air temperature reduction in the range of 0.1 °C and
5 °C [17]. Furthermore, in another review study, the potential cooling effect of trees in an
urban environment was documented [18]; the conclusion of the investigations showed that
more trees resulted in a maximum air temperature reduction in the range of 0.2 °C and
5°C.

It is, however, essential to note that the specific ability of trees to reduce urban
temperature is mostly dependent on a number of factors mainly related to the characteristics
of said trees, such as the number of trees, the leaf density and the shape of the crown.
The importance of the tree characteristics was demonstrated in various previous studies.
For instance, Shinzato et al. reported air temperature reductions of 1.3 °C and surface
temperature reductions of 14.7 °C, which were attributable to LAD’s maximization [19]. A
similar study reported 84% solar radiation blockage as a result of maximizing the LAD [20].
However, there exists a lack of investigations about the value of the achieved potential
cooling for various levels of LADs [21].

In addition previous studies have shown that a combination of highly reflective materi-
als and vegetation is the most effective way to reduce the microclimatic air temperature [18].
For instance, Salata et al. reported 2.5 °C further reductions in air temperature attributed
to the combined employment of cool pavements and urban vegetation instead of single
strategies [22]. Wang et al. reported that by changing the surface albedo from 0.2 to 0.4
and increasing the greenery by up to 10%, the maximum air temperature was reduced by
1 °C, and the mean air temperature was reduced by 0.75 °C [23]. Huynh et al. found that
replacing asphalt materials with concrete materials and increasing the number of trees in an
urban area decreased the maximum air temperature by 0.6 °C [24]. Similarly, Alchapar et al.
found that by increasing the reflectivity of the pavement and, at the same time, increasing
the surrounding greenery, the daily maximum air temperature was reduced by 3.5 °C
compared to the original conditions [25]. Another study observed daily maximum air
temperature reductions of 3.5 °C and daily average air temperature reductions of 1.5 °C
resulting from the use of cool pavements (instead of asphalt) and the presence of mature
deciduous trees [26].

As we discussed above, greenery and highly reflective materials play a prominent role
in urban cooling. However, achieving the optimized cooling results in urban areas through
said methods is rather challenging, mainly because of the peculiarity in morphology and
land-use patterns of many urban areas. Consequently, urban cooling strategies should be
optimized, considering local climatic conditions and a given locality’s topography. Korea
is a unique country with various hot spots that are susceptible to overheating resulting
from UHI. This overheating is likely to increase, given the steady increase in Korea’s urban
development and population density, which exacerbate anthropogenic heat release [27,28].
As such, UHI-mitigation measures are necessary to mitigate the discussed UHI effects.

To that end, through a case study of a hot spot street canyon, we studied the cooling
effect of sixteen various tree percentage combinations, LAD, and surface albedo modifica-
tion. The analysis was conducted via in-situ field measurements and numerical modeling.
The objectives were to quantify said scenarios’ cooling effects, and to propose an optimized
cooling strategy for hot spots in Korea. Our findings demonstrate the usefulness of urban
trees’ and surface albedos’ specific characteristics to mitigate urban overheating, and they
are particularly useful to urban designers and policymakers in Korea in their efforts to curb
the effects of UHI.

2. Materials and Methods
2.1. Site Location and Field Measurements
A residential area in Seongnam (latitude: 37° 39, longitude: 127° 09'), South Korea,

was selected for the current investigation. Seongnam is densely populated, with a large
ground percentage covered in asphalt. Moreover, the area is made up of tall buildings
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averaging a height between 9.9 m and 14 m, has low vegetation coverage and often
experiences heightened surface temperatures (See Figure 1). The field measurement data
were collected in four spots of an East-West oriented street canyon. Three of the spots
were located in a vegetated area, and one of the spots was located in an exposed area (see
Figure 2). The air temperature and relative humidity were monitored at a 1.5 m height in
each spot using Hobo-U12-012 data loggers. The data loggers measure the air temperature
within a range of —20 °C and 70 °C (accuracy of +0.35 °C) and the relative humidity
within a range of 5% to 95% (accuracy of £2.50%). The monitoring was conducted on the
13th June for 14 h (i.e., 6 am to 8 pm), and the air temperature and relative humidity were
recorded in one-minute intervals.

Surface temperature (°C) Tree health

(@) (b)

Figure 1. Surface temperature (a) and tree health conditions (b) at the study area. The original data was obtained via
Landsat 8 [29].

(a) (b) (©)

Figure 2. The study area (a), the examined street canyon (b), aerial pictures of the location (c). The location of the logger in
the vegetation is shown by the green colour, and that in the exposed area is shown in the grey colour. This contains data
from the Open Street Map and the Open Street Foundation that were made available under the open-source database [30].

2.2. Scenarios, Model Validation and Simulation Settings
2.2.1. Scenarios

We assessed the cooling ability of sixteen scenarios involving various combinations of
the percentage of trees, LAD and surface albedo. The tree (deciduous type) percentages
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considered ranged from 20% to 30% (moderate greenery) and 50% to 60% (intensive
greenery), while the LAD was categorized into two groups: high LAD (1.1 m?/m?) and
low LAD (0.3 m?/m?). The surface albedo was modulated between 0.2 and 0.4, as these
are typical albedo values found in urban areas [31,32]. The scenarios were divided into
two categories: (i) scenarios that assess the effect of vegetation modifications (i.e., the
percentage of trees and LAD) and a ground albedo of 0.2; and (ii) scenarios that assess the
effect of vegetation modification and an improved ground albedo of 0.4. Tables 1 and 2
show the specific details of said scenarios, and the layout and three-dimensional (3D)
model of the base model are shown in Figure 3.

Table 1. Scenarios involving tree percentage and LAD changes with 0.2 surface albedo.

Scenario The Percent of Trees Coverage [%] Leaf Area Density (LAD)
C1 20 High
c2 30 High
c3 50 High
C4 60 High
C5 20 Low
C6 30 Low
c7 50 Low
C8 60 Low

Table 2. Scenarios involving tree percentage and LAD changes with 0.4 surface albedo.

Scenario The Percent of Trees Coverage [%] Leaf Area Density (LAD)
C9 20 High
C10 30 High
c11 50 High
C12 60 High
C13 20 Low
C14 30 Low
C15 50 Low
C16 60 Low

Legend

I Asphalt
I Red brick
B Loamy soil
I Concreat
J&=4 Vegetation

(b)

Figure 3. Three-dimensional input of the study domain (a), and the plot input file (b).

2.2.2. Model Validation and Simulation Settings

In order to explore the cooling potential of the scenarios discussed above (Section 2.2.1),
we employed a three-dimensional microclimate model, ENVI-met (Version 4.4.5). The
model dynamically simulates thermal interactions among physical elements, ground sur-
faces and the atmosphere within a given locality [33]; it includes particular schemes that
analyze the influences of radiative, turbulent and convective mechanisms on the urban
atmosphere, and is thus adequate for the assessment of the temperature-reductive effect of
tree shading. Before the model simulation, we conducted a test run to validate ENVI-met’s
performance against the observed field measurement data discussed in Section 2.2.2. ENVI-



Sustainability 2021, 13, 7496

50f 14

met requires inputs related to the meteorological elements and space characteristics of the
area under analysis. Table 3 shows the meteorological conditions and space characteristics
found at the experimental site and subsequently used as inputs in ENVI-met. However,
some of the meteorological elements used as model inputs (e.g., wind and cloud cover)
were collected from weather observatories near the experimental site (i.e., the Seongnam
area). The trees found in the area were typically of low LAD, 3 m crown diameter and
5 m high.

Table 3. Input parameters for ENVI-met validation.

Parameters Element [Unit] Input Values
Meteorological data Hourly air temperature [°C] Hourly data from field study
Hourly relative humidity [%]  Hourly data from field study
Wind speed, 10 m [m/s] Weather station data
Wind direction [°] Weather station data
Cloud cover [Octas] Weather station data
Street characteristics Length [m] 189
Road width [m] 10
Building heights [m] Between 9.9-14
Aspect ratio 14
Roof albedo 0.15
Road albedo 0.2
Wall albedo 0.2
Tree characteristics Crown diameter [m] 3
Height [m] 5
Albedo 0.18

For the validation process, the measured data collected from Spot 1 (see Figure 1 above)
were used as inputs, and the model outputs were validated against the air temperature and
relative humidity data measured in the other spots. The root mean square error (RMSE) and
the determination of the coefficient (R?) were used to gauge the similarity between the air
temperatures and the relative humidity values computed using ENVI-met and the actual
measured air temperature and relative humidity values. The formulae used to calculate
RMSE and R? are shown in Equations (1) and (2), respectively. The scheme designed in
ENVI-met was representative of the real area and modeled within 190 x 50 x 30 grid input
dimensions. The vertical and horizontal grid resolution were set at 1 m. In order to certify
the simulation constancy, we added eight nesting grid areas around the study domain.

RMSE:\/i(yk—xk)Z/n 1)
k=1
R2:172z:1(]/k_Xk) )

Uik —y)
where vy is the actual value, xj is the predicted value at time k, and 7 is the sample size.
We found a strong correlation between the ENVI-met computed air temperature
values and the actual measured temperature (see Figure 3a). Similarly, strong correlations
were observed between the ENVI-met computed relative humidity values and the actual
measured relative humidity (see Figure 4b).
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Figure 4. Correlation coefficient and root mean square error between simulated values and measured values of air
temperature (a) and relative humidity (b).

3. Results and Discussion
3.1. The Effect of Vegetation on Air Temperature and Relative Humidity

Figure 5 shows the hourly temperature changes between the vegetated area (Point 1,
Point 2 and Point 3) and exposed spots (Point 4), whereas Figure 5 shows the changes
in the hourly relative humidity between the vegetated and exposed spots. As shown in
Figure 4, the air temperature in both the vegetated and the exposed areas was lowest (i.e.,
between 18 °C and 24 °C) in the morning hours (i.e., between 7 am and 9 am) before sharply
increasing to temperatures between 38 °C and 42 °C between 10 am and 1 pm. There is
then a clear difference in the air temperature levels between the vegetated areas (Point 1,
Point 2 and Point 3) and the exposed area (Point 4) in the early afternoon between 1 pm and
5 pm; while the air temperature in the vegetated areas gradually decreased after 1 pm, the
air temperature in the exposed area continued to increase, peaking at 46 °C at around 2 pm.
Furthermore, it was observed that the air temperature is significantly higher in the exposed
areas than the vegetated areas for the entire afternoon period, suggesting that the influence
of the vegetation on the air temperature is more pertinent during the afternoon hours than
the morning hours. This finding emphasizes the importance of vegetation in urban areas in
reducing the air temperature in urban areas, particularly in the afternoon hours when solar
insolation is likely to peak. Our findings also echo reports from various previous studies
that observed apparent temperature differences between vegetated and non-vegetated
areas, especially in the peak solar periods [34,35]. For example, Taha et al. reported air
temperature differences of up to 8 °C between vegetated and non-vegetated areas [36].
Similarly, Akbari et al., found air temperature differences of up to 5 °C between areas with
a tree presence and those without trees and vegetation [37]. The vegetation reduction of air
temperature, especially related to trees, is primarily due to evapotranspiration and moisture
dispersion processes; moisture release through the leaf stomata cells into the atmosphere
prompts a cooling effect to the surrounding air. However, the cooling magnitude of said
evapotranspiration processes is dependent on various factors, including the type, amount
and size of the trees and their canopies.

Furthermore, as shown in Figure 6, there is an apparent effect of vegetation on the
relative humidity. By comparing the vegetated areas (Point 1, Point 2, and Point 3) and
the exposed area (Point 4), it was observed that while the relative humidity is relatively
higher (i.e., 70%) in the exposed area than in the vegetated areas (i.e., 55%) in the early
morning hours (e.g., 7 am), it decreases sharply and becomes substantially lower in the
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exposed areas than the vegetated areas, particularly in the afternoon hours. For example,
the relative humidity at 2 pm in the exposed area was 16%, while that in the vegetated areas
ranged between 30% and 40%. These observations were also reported in previous studies,
further highlighting the influence of trees on ground-to-air moisture exchanges and the
relative humidity [38,39]. For example, Potchter et al. observed 13% relative humidity
differences between the vegetated and built-up areas [40]. Similarly, Shashu-Bar et al.
observed relative humidity differences of about 56% between a vegetated park and a
nearby surrounding area [41]. The higher relative humidity observed in the vegetated
areas than non-vegetated areas in the early morning hours is a potential result of surface
moisture transpiration. The opposite results seen in the afternoon are related to the
evapotranspiration processes associated with leaf moisture discussed earlier. The observed
differences in relative humidity among the different locations can also be attributed to the
observed temperature differences among said locations.

59
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Figure 5. Air temperature fluctuations between the vegetated areas (Point 1, Point 2 and Point 3) and
the exposed area (Point 4).
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Figure 6. Relative humidity fluctuations between the vegetated areas (Point 1, Point 2, Point 3) and
the exposed area (Point 4).

3.2. The Effect of Tree Coverage on Air Temperature Reduction

Figure 7 reveals the effect of changing the tree percentages while keeping the LAD
constant on air temperature reduction. In order to properly assess the influence of the tree
percentage on the air temperature alone (i.e., without considering the additional influence
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of LAD), we can look at the Figure 6, which shows the air temperature changes between
the base area (i.e., the original spot with 4% trees) and our proposed scenarios, C1 (20%
trees), C2 (30% trees), C3 (50% trees) and C4 (60% trees). As seen from the figure, all of
the proposed scenarios demonstrate hourly temperatures lower than the base temperature
during the solar peak time (i.e., 10 am-1 pm). As we expected, the lowest temperatures,
particularly during the solar peak time, were observed under scenario C4, which consisted
of the highest percentage of trees (60% trees). For instance, the difference in air temperature
between the base area and C4 at noon was approximately 5.23 °C, which is substantial.

High LAD Low LAD

a5 +

41

w w
w ~
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3

N

at/
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------ C1 (20% trees) 45 e« C5 (20% trees)
~==C2 (30% trees) —e—C6 (30% trees)
~= (3 (50% trees) a | -= C7 (50% trees)
C4 (60% trees) C8 (60% trees)

.37 b
3
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17
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Time(hr) Time(hr)

(a) (b)

Figure 7. Comparison of the effect of the tree percentage on the air temperature reduction at the height of 1.5 m; high LAD

(a) and low LAD (b).

One interesting observation is related to the cooling potential of trees during different
periods of the day. For example, it was observed that the ambient temperature in the
evening time (between 5 pm-8 pm) was relatively higher under the high tree percentage
scenario (i.e., C4) than the base scenario associated with a low tree percentage. This finding
seems to indicate that the cooling effect of trees is likely to diminish in the evening hours.
The finding is commensurate with the previously published reports [42] and is likely due
to the low sky view factors (SVF) resulting from broad tree canopies. Said low SVF restricts
the outward escape of re-radiated long-wave radiation, which ultimately increases the
air temperature under the tree canopies. This is an interesting finding, and it points to
the importance of the sky view factor in the evening hours when long-wave radiation
is re-emitted. Similarly, the air temperature differences between the proposed scenarios,
which consisted of high tree percentages and the base area, were not substantial in the
early morning hours (i.e., between 6 am—9 am). This result is similar to various previous
studies [43,44], and is likely due to the absence of direct solar radiation, which seems to
peak at around midday.

3.3. The Effect of the Leaf Area Density on the Air Temperature Reduction

Figure 8 demonstrates the effect of different LADs on the air temperature reduction.
As seen from the figures, the effect of the LAD is minimal in intensive greenery scenarios.
For example, comparing the scenarios C4 (60% trees, high LAD) and C8 (60% trees, low
LAD) at the peak temperature (12 pm), the corresponding difference in temperature is less
than 0.5 °C. On the contrary, in moderate greenery scenarios (i.e., tree percentages between
20% and 30%), the influence of LAD is more considerable, especially during the solar peak
time of the day (i.e., 11 am-12 pm), and its difference is about 0.8 °C. This finding suggests
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that no substantial temperature reduction is induced by increasing the LAD level from low
to high in intensive greenery scenarios. The influence of LAD changes on air temperature
reduction has been controversial in the literature, with some studies reporting substantial
differences in air temperature due to LAD adjustments [45,46]. In contrast, a few other
studies reported no substantial air temperature reduction attributed to LAD changes and
the proper value of changing the leaf area density [39]. Thus, future research is encouraged
to quantify further the potential influence of LAD changes on air temperature reduction,
which is quite pertinent to the employment of trees as an urban cooling strategy.
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Figure 8. Comparison of the effect of the leaf area density on air temperature reduction at the height of 1.5 m between the

base case scenario and study scenarios; intensive greenery (a) and moderate greenery (b).

3.4. Combined Effect of Vegetation and a Cool Pavement

Figure 9 represents the hourly variations of the air temperature reduction as a result
of combining tree percentages and surface albedo modifications; this is shown for the best
case scenarios (High LAD). As seen from the figure, the air temperature varied between
19.66 °C and 41.83 °C for the base model. For scenarios C9 and C10, the air temperature
ranged between 19.53 °C and 40.60 °C, while in scenarios C11 and C12, the air temperature
varied between 18.99 °C and 35.81 °C.

For all of the scenarios, the air temperature levels showed a constant increase from the
morning hours to noon, after which a steady decrease was observed. However, possibly as
a result of albedo, the specific air temperature levels were different for each scenario. For
example, it was observed that the maximum difference in air temperature was between
the base model and the scenarios with albedo 0.4 and intensive greenery. In contrast, the
minimum difference in air temperature was observed between the base temperature and
C1, C2, C9 and C10. The most substantial differences in air temperature were observed at
noon between the base model and scenario C4 (i.e., an air temperature difference of 5.90 °C)
and C12 (i.e., an air temperature difference of 7.21 °C). Furthermore, it was observed that
the air temperature differences between the base model and scenarios C1 and C9 at noon
were approximately 0.28 °C and 1.23 °C, respectively. This finding suggests that cool
materials (i.e., an albedo of 0.4), in our case, could reduce the air temperature by a further
1.31 °C compared to the scenarios with an albedo of 0.2. The findings show that combined
scenarios are capable of reducing the air temperature, particularly during the day’s critical
time. Furthermore, it was observed that the individual effect of greenery on air temperature
reduction is more substantial than that of cool materials alone. While that is the case, our
results also indicate that the highest cooling effects are induced from coupling the two
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heat mitigation techniques (i.e., increased vegetation and cool materials). This finding is
consistent with previous reports [31] and further alludes to the importance of combining
various heat imitative techniques in the bid to reduce urban overheating.

albedo 0.2 albedo 0.4
—— Base model —— Base model
46 I —8—C1 (20% trees) 6 —8~C9 (20% trees)
C2 (30% trees) CL0[30% trees)
——C3{50% trees) " ——C11 [50% trees)
ch 5] & - C4 (0% trees) = a a C132 [60% trees)
o o
L) 38 | . 38
=~ o
y S
= w M
: g
T
g | Eaf
b b}
- =
£ %[ <
2k A 22
18 18
6 7 €& 9 10 11 12 13 14 15 16 17 18 19 20 6§ 7 & % 10 11 12 12 14 15 16 17 18 19 20
Time{hr) Time(hr)

(a) (b)

Figure 9. Comparison of the effect of a cool pavement on the air temperature reduction at the height of 1.5 m; albedo.0.2 (a)
and albedo 0.4 (b).

3.5. Comparison of Mitigation Techniques

Figure 10 compares the potential cooling effect of various applied scenarios (see
Tables 1 and 2) in the study area. The figure shows that the air temperature among
vegetation scenarios ranged between 31.71 £ 6.17 °C (mean = standard deviation) and
30.41 & 4.43 °C, when the tree coverage percentages were 20% and 60%, respectively. These
values were slightly lower for the combined scenarios, which were between 31.29 4 5.86 °C
and 28.98 £ 4.33 °C for the same tree percentage. The standard deviations for the vege-
tation scenarios are higher than those of the combined scenarios by nearly a maximum
value of 1.83 °C. These results clearly show the effect of the proposed scenarios on the air
temperature reduction.

Base Vegetation scenarios Combined scenarios
45

40 |
35 |

30

| 250 e e i

25

Diurnal air temperature (°C)

T

20

15 L

Base C1 C2 C3 €4 C5 C6 C7 €8 (€9 C10 Ci11 Cl2 C13 Ci14 C15 C16

Figure 10. Diurnal temperature variations under different scenarios. The black dots indicate the
mean diurnal temperature.
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Figures 11 and 12 compare the air temperature distributions between the base temper-
ature and the best temperature-reducing scenario during solar peak hours (i.e., between
10 am and 3 pm). UHIs are disparate in spatial distribution, particularly during the day-
time [46]. The maximum urban heat stress happens between the afternoon hours when the
daily UHI and total temperature are at their maximum [47]; thus, the air temperature dis-
tribution layout was represented where the significant effect was anticipated. Comparing
a base model with the best-case scenario, the considerable effect was observed at 12 pm,
and it ranged between 35.40 °C and 37.24 °C, which reduces the maximum air temperature
by nearly 6 °C in the entire canopy (see Figure 11). Moreover, less spatial distribution can
be observed at 10 am and ranged between 29.11 °C and 30.11 °C in the best-case scenario,
while at 3 pm they ranged between 33.31 °C and 35.38 °C. The air temperature differences
were about 3 °C and 4 °C between 10 am and 3 pm, respectively, for the entire study
domain compared to the base model. With the comparison of all of the spatial distributions
at different times of the day, it was observed that the best-case scenario has a relatively
lower air temperature compared to its base model.
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Figure 11. Vertical section of the spatial air temperature distribution of the study.
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Figure 12. Horizontal section of the spatial air temperature distribution at the height of 1.5 m.
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4. Conclusions

The current study demonstrated the effect of trees (i.e., the percentage of trees), tree
characteristics (i.e., LAD), and combined scenarios on the air temperature levels in a hot
street canyon during the summertime. Said effects were first investigated through in situ
measurements by comparing diurnal air temperature levels between a vegetated area
(4% trees) and an exposed area with no trees. Secondly, 16 different scenarios involving
various combinations of tree percentages, LAD and combined scenarios were simulated
and studied via a numerical modeling tool in order to quantify their potential effect on
the selected street canyon’s air temperature. Among the considered combinations, the
maximum diurnal temperature reductions in the vegetated area, which were approximately
3 °C, were achieved by modifying the base area characteristics from 4% tree coverage and
low LAD to 60% tree coverage and high LAD. The effect of said modifications was much
higher in the exposed area (i.e., a 5.23 °C temperature reduction). Furthermore, we observed
that while increasing tree percentages had a substantial effect on temperature reductions,
adjusting the LAD levels alone did not yield any substantial temperature reductions in
intensive greenery scenarios, i.e., approximately 0.5 °C, considering scenarios of the same
tree percentage but different LAD levels (i.e., high LAD and low LAD). The observed
temperature reduction was attributed to increased tree percentages, high LADs, and high
surface albedos, which enhance convective cooling through evapotranspiration processes
and reduced solar absorptivity. The obtained results demonstrate the usefulness of urban
tree characteristics and urban albedo to mitigate urban heating, and are particularly useful
to urban designers and policymakers in their efforts to minimize UHI effects.

5. Limitations and Future Research Studies

This study examined some mitigating strategies that can reduce the urban heat island
effect in an urban area, especially in the most problematic E-W street canyon orientation.
Future potential studies could be expanded to different urban configurations by combining
various mitigation techniques with different LAD values. It is important to note that some
of the meteorological elements (i.e., wind speed, wind direction and cloud coverage) used
in model validation in Section 2.2.2. were obtained from a nearby weather observatory,
rather than direct measurements from the experimental site. The validation results shown
in Figure 3 could potentially be improved if locally measured elements, particularly wind
speed and wind direction, are used as the model inputs. This pinpoints crucial future
research directions specifically regarding the scale or range of synoptic weather elements
appropriate for climatic model validations.
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