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Abstract: Large cities with a high concentration of high-rise buildings are shaded by urban canyon.
This brings a cooling effect compared to the space exposed to the sun, but is not always cool due to
the longwave radiation emitted from buildings and the built environment. We tested the micro-scale
effects of major external spatial factors, trees, and buildings, under shade on longwave radiation
shifts to understand the effects of large shaded areas in megacities. Incoming and outgoing longwave
radiations (ILR and OLR, respectively) were found to decrease the overall observation by time zone.
Longwave radiation on a micro-scale was also inversely proportional to the tree volume. From mean
radiant temperature (MRT) analysis, we found that about a 10% decrease in MRT could be achieved by
increasing tree volume by around 50%. Larger tree volumes corresponded to greater blocking effects
on longwave radiation. Considering the tree volume, a multilayer urban tree canopy composition
can more favorably improve the thermal environment and energy sustainability of a city compared to
a single-layer canopy. Larger trees planted with harmonious shrubs are the most effective in reducing
longwave radiation.
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1. Introduction

As high-density areas increase with urbanization, urban canyons are formed with high-rise
buildings casting shade [1]. The urban heat island effect (UHIE) is intensifying with climate change.
Despite the need to mitigate the UHIE to ensure sustainability, large cities tend to emphasize economic
efficiency in constructing new buildings [2]. Therefore, high-rise high-density residential complexes
are continuously constructed in metropolitan cities where land is scarce [3]. This intensifies the UHIE,
even though children and elderly people who are vulnerable to heat remain active in the daytime [4].

Dense residential complexes cause significant shadows in metropolitan areas. These many
shaded areas decrease the solar radiation reaching the surface or space. This mitigates the UHIE [5,6].
Therefore, shadows that block heat are important in high-population-density urban residential areas
with high-rise buildings.

Longwave radiation, which is dominant in shaded areas with highly concentrated high-rise
buildings, is a long-wavelength emission from a medium that receives shortwave radiation (solar
radiation) [7], thus yielding infrared radiation that causes people to feel heat [8]. It also includes the heat
energy emitted by all built environment objects, such as buildings and trees [9], even those in shaded
areas without incident solar radiation [10]. Radiation is influenced by not only surrounding parametric
objects, trees, and buildings, but also by architectural characteristics such as sizes, allocations, shapes,
and materials [11–13]. In such high-rise urban spaces, during the summer, both hot and cool spaces are
present, even in shade, due to influencing factors on urban micro-scale climate. In this study, we focused
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on determining the effect of tree and building deployment on the mean radiant temperature (MRT),
based on shifts in longwave radiation time in urban apartment areas. In the Standard report from ANSI
(American National Standards Institute) and ASHRAE (American Society Of Heating, Refrigerating
And A-C Engineers) in 2004, thermal comfort is defined as “a condition of mind that expresses
satisfaction with the thermal environment” [14]. Thus, feeling hot and cold is related to thermal
comfort and various indices that indicate the spatial sensible comfort are as follows: Predicted Mean
Vote (PMV) [15], Physiological Equivalent Temperature (PET) [16,17], Standard Effective Temperature
(SET) [18], Outdoor Standard Effective Temperature (OUT_SET) [19], Universal Thermal Climate Index
(UTCI) [20–22], and LMRT (Longwave mean radiant temperature) [10]. There are various methods
that can be employed to estimate thermal comfort, but the MRT index is known as the most accurate
way to consider exterior thermal comfort [23].

Longwave radiation is divided into outgoing longwave radiation (OLR) from the Earth and
incoming longwave radiation (ILR) from the atmosphere. The longwave radiation left in a given space
by this two-directional radiation is called the net longwave radiation. As the net longwave radiation
in the space increases, the infrared rays in the space increase, which affects the sensible heat [24].
The net radiation ultimately remaining in the atmosphere in the energy budget (or radiation budget),
corresponding to the energy balance, is the sum of the net shortwave and longwave radiation.

Many buildings in urban canyons create large shaded areas. In these areas, solar radiation is
interrupted and longwave radiation is dominant. Because longwave radiation related to mean radiation
temperature (MRT) [10] is involved in sensible heat, this dominance reduces the thermal comfort of
those using the space. Therefore, under the shadows of urban canyons, it is necessary to examine the
spatial factors affecting longwave radiation.

Research on longwave radiation has been widely performed on a broad range of space scales.
However, few have investigated changes in longwave radiation, which reflects the albedo of the
polar regions of the earth [25]. In the temperate regions where most people live, the UHIE in
densely populated metropolitan centers is becoming increasingly severe, but longwave studies at
the metropolitan scale are lacking. Some studies have shown that cooling effects are generated by
blocking shortwave radiation, achieved by enlarging the shaded areas of buildings in large cities with
many urban canyons. Nevertheless, no research has shown that the cooling effect of shadows always
guarantees thermal comfort in outdoor spaces during summer [26]. Therefore, because the effects of
shadows cannot be completely guaranteed, the factors affecting thermal comfort under the influence of
longwave radiation, which exists even where shortwave radiation is blocked, must be determined.

Studies on thermal comfort in cities include active research both inside and outside of buildings,
including urban green spaces [27]. The relationship between the temperature of external spaces [28]
and the energy emitted from buildings has been investigated [29], and sustainability research for
energy reduction in construction is popular. As a part of this, there is a study of the correlation
between urban infrastructure and surface temperature [30]. In order to achieve sustainability, there is
also a mitigation technique based on research on technologies to mitigate temperature through
albedo [31]. However, research on improving the thermal environment to achieve sustainability is
lacking. Recently, numerical simulations have been performed via coupling convection, radiation,
and conduction [32]. The net radiation, as defined above, is an essential force of climate in the lower
layers of the Earth’s atmosphere. Diversified variations in the radiation balance have widespread
implications for human living conditions, as changes in land cover tend to increase surfaces with higher
net radiation levels [33]. Studies on longwave radiation affecting heat discharge in urban canyons [34],
which can intercept shortwave radiation, are particularly insufficient. The spatial characteristics of
urban canyons contribute to increases in artificial heat, thereby decreasing the thermal comfort of the
external space and increasing the consumption of energy for internal comfort.

In this context, longwave radiation is the energy released from the ground and the heat energy
conducted and radiated from the inner surface of buildings to the external surface [35] (magnitude
of heat-transmission, such as thermal conduction, convection, and radiation, of building walls is
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affected by the building interior or surface materials). Longwave radiation is affected by the surface
temperatures of objects induced by shortwave radiation. It also includes the heat from the surface
of a shortwave radiation-emitting object [36]. Thus, as the number of objects and built environment
components with surface temperatures is increased, the longwave radiation increases. However,
structural components, such as the built environment, that block shortwave radiation but emit
longwave radiation [37], will increase the net longwave radiation by anthropogenic heat. On the other
hand, the natural environment, such as trees and grass, will take part in reducing longwave radiation
compared to the radiation from the built environment [38]. This is related to energy sustainability
because mitigation can enhance thermal comfort based on the spatial heat balance [39].

Passive cooling is a sustainable way to improve the thermal comfort of an indoor space. However,
studies have investigated the sustainable and environmentally friendly use of trees to understand
whether the passive cooling method can also ameliorate thermal conditions in outdoor spaces [40,41].
Most studies on thermal comfort in internal and external spaces have focused on temperature
changes, heat mitigation using 3D simulations [42,43], observations on thermal comfort through
questionnaires [44], and studies using physical or experimental models [45,46]. Recently, there have
been studies on land cover and urban regeneration activities as a heat island reduction strategy for
thermal comfort [47]. However, radiation-focused studies on improving the thermal environment
have emphasized simple physics solutions derived from celestial science, such as the single-layer
model [48,49]. Studies on improving the external thermal environment have mainly focused on
trees [50,51] because of their efficiency, natural occurrence, and availability in outdoor spaces, which
are advantageous for sustainable utilization in the limited spaces of urban canyons [52].

Trees block radiation in summer and increase the latent heat flux to improve the thermal
environment [53,54]. An improved thermal environment enhances the sustainability of an urban
space by mitigating UHIE [55,56]. However, a method for decreasing the longwave radiation emitted
from the surrounding environment is required to improve the thermal environment of a city where
shortwave radiation is already blocked by high-rise residential buildings.

Ultimately, longwave radiation in urban canyons should be re-examined for the practical comfort
improvement of those who use such spaces. Furthermore, experimental research is necessary to clarify
the relationship among urban canyon components of buildings, trees, and longwave radiation.

2. Method

This research starts by determining whether a shaded space provides more “thermal comfort” than
a space exposed to sunlight. This study also determines the degree of longwave radiation reduction
induced by urban canyon structures. Therefore, it is an experimental study to determine how longwave
radiation should be manipulated as a sustainable way to enhance thermal comfort.

According to the previous section, shade does not guarantee a cooling effect all the time. We therefore
consider a cooling effect under conditions in which shortwave radiation is blocked: only longwave
radiation exists in urban canyons. Thus, considering building energy efficiency as a sustainable way to
increase thermal comfort [57], this study examines the relationship between shade-creating architectural
components and trees and longwave radiation for thermal comfort. In-situ measurements were collected
as follows:

1. Building volume and longwave radiation time shift data
2. Time shifts with variations in tree volume
3. Mixed-deployment observation of overall effects of buildings and trees
4. Longwave radiation data of open space
5. MRT comparisons

The observations were performed to obtain longwave radiation data under different environmental
compositions of trees or building existence, tree volume, and sky view factor (SVF). Additionally,
we collected air temperature, wind speed, humidity, and shortwave radiation for our survey premise.
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2.1. Survey Process

2.1.1. Pilot Test

The pilot observation was conducted on 29 June 2017, a clear day, to inspect the measurement site
and check the equipment. The place of measurement included many shadows and an area where trees
and buildings were installed in a mixed manner.

2.1.2. Survey Design

1. According to the presence or absence of trees under persistent shadow, we designed the longwave
radiation measurement through Step 1.

2. Location attributes of the observation scenario: observation of spatial conditions under
steady shade.

3. Premise: Observation sites should have the same amount of albedo, wind speed, and humidity.
Air temperature should be above 30 ◦C at 14:00.

4. Reason: The albedo and SVF are often used as independent variables when measuring radiation
or heat flux. This is because the albedo represents the surface reflectance and the amount of
radiation transfer can be determined by the reflectance. Furthermore, the amount of incident
radiation on the space could be controlled through manipulating the SVF. Then, when both
the albedo and SVF were controlled, we could determine the effects of other parameters on the
radiation. Because the control of these two variables is difficult, measurement data were obtained
by observing places under similar spatial conditions of the shadows of buildings.

2.1.3. Observation Site Selection

This study is mainly focused on knowing trees’ effect on longwave radiation and MRT on an urban
micro-scale under the building shade. Thus, we searched study areas which had continuous shade
and trees. Moreover, we sought for the place which was occupied by the most daily heat-vulnerable
pedestrians and where thermal comfort solutions are required. Therefore, twelve-story residential
buildings built in the 1970–80s in Seoul were selected as the sites for measuring longwave radiation.
Most of apartment buildings from the 70–80s in Seoul are plate-type architectures that have a 75–100 m
length facing southeast. Among residential complexes in Seoul, the three study sites we chose have
a plane topography and received permission from residents’ committees for measurements. Moreover,
all three sites have the common attributes of high populations, hot thermal-topic areas in Seoul, and
close proximity to each other.

2.1.4. Measurement and Data Collection

Date: The pilot observation was conducted on 29 June, while the main observation was conducted
on 22nd August and 2nd and 3rd September. The dates were selected considering the locations’
availability for measurement and good weather conditions since it is rainy season during summer
in Seoul.

1. Data collection

• Longwave radiation: A CNR4 (Campbell Scientific, Inc., Logan, UT, USA; Figure 1) upper
sensor was used to collect ILR, while a lower sensor was used to collect OLR, and the data
was collated in a logger (CR1000).

• A thermometer, anemometer, and loggers (CR1000) were used to measure and collect the air
temperature and wind data (Figure 1).

• A camera with a fish-eye lens was used to determine the SVF (Appendix A).
• Weather conditions: mean wind speed was 0 m/s, temperature was 31–33 ◦C, and humidity

was 55% (measured 7–10 m from the 12-story building).
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• Time period was from 12:00 to 21:00 with a collection interval of one second.
• The sunset and sunrise times in Seoul during the summer are 6:00 AM and 7:00 PM, respectively.

2. Instrument position: All instruments were located north of each building and each instrument
was elevated 1.2 m from the ground.
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Figure 1. Observation instruments: (a) mobile net radiometer instruments kit design, (b) anemometer,
(c) thermometer (revised Park’s 2018), and (d) bi-directional radiation sensors.

2.2. Context of the Study Sites

For the three sites mentioned earlier, heat radiation measurements were performed for SVF,
air temperature, wind speed, and humidity on sunny summer days.

Two typical apartment complex forms in Seoul are towers and plates (see Appendix A). Most
apartment structures are exposed to the south–north side and the distances between the buildings
and instrument deployment locations are 3–36 m. The SVF of the complex for in-situ observation is
0.22–0.90, and the building heights are 18–42 m. Two open spaces exist; one offers a plain view and
the other is surrounded and enclosed by trees. To estimate the tree volume, we used the tree-volume
equations from Park’s research in 2017 [58].

According to two research questions at the beginning of the study, this study was designed with
two survey sections: (1) site A and B: Focusing on acquiring radiation data under tree or building shade
by architectural type, and (2) site C: Focusing on obtaining data considering tree volume variation The
residential apartment of site A is plate-type and the architecture of site B is tower-type (see Appendix A,
Figure 2). Site C has plate-type buildings (Appendix A). In order to collect radiation data from the
various volumes and layers of planting, we deployed two mobile net radiometer instrument kits at
seven measuring stations (C1-C7; Figure 2, Table 1).
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Figure 2. Survey sites: A. Apguqjeong, Gangnam; B. Shinlim, Gwanak; and C. Mujigae, Seocho,
Seoul, Korea.

Table 1. Building and tree existence of each site (O: present; X: not present) Appendix.

Type A1 A2 B1 B2 C1 C2 C3 C4 C5 C6 C7

Building O O O O X X O O O O O
Tree O X O X X O X O O O O

2.3. Research Limitations

The measurements showed that the presence of trees had different effects on the longwave
radiation and MRT loads in the space around high-rise buildings [59]. However, the study was
limited by the restricted number of observation locations in Seoul. The present study was intended to
extend beyond existing research by developing suggestions for spatial design and planning to achieve
outdoor thermal comfort, especially around residential complexes. This study examined the reductions
of net longwave radiation and MRT near residential building complexes using trees and building
compositions according to the layouts of old (sites A and C) and new (site B) apartment complexes
considering longwave radiation in the megacity of Seoul. The research was only conducted in the
summer and focused on days with full sun exposure between 14:00 and 18:00, when human activity
and cooling loads were at their peaks.

3. Research Findings and Analysis: Causal Analysis of Longwave Radiation Time Shift

3.1. Comparison of Tree and Building Effects

The comparison evaluates the elements that are more likely to affect longwave radiation around
a single residential complex with the same microclimatic conditions. Therefore, we examined the
changes of longwave radiation by classifying the measurement sites into four types present at apartment
residential complexes commonly seen in Seoul, Korea. The four types are as follows: (C1) open spaces
without trees, (C2) open spaces surrounded by trees, (C3) spaces around buildings, and (C5) spaces
with both buildings and trees (Appendix A).

Absolute Deviation

(ADEV) =

√
(χC1 − χi)

2 (1)

χc1: Open space longwave radiation, χi: Longwave radiation by spatial type (open, open with
trees, with buildings, with buildings and trees), ADEVILR: Absolute deviation of ILR, and ADEVOLR:
Absolute deviation of OLR.
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The influence was analysed by the changes of ILR and OLR [60], which are shown in Table 2.
The longwave radiation value of the open space without space elements (C1) is used as the reference
(average), and the absolute deviation of longwave radiation value of each type is calculated. The type
that shows the largest deviation value has the greatest influence on longwave radiation.

Table 2. Radiation measurements (W/m2).

Open (C1) Open with Trees (C2) Building (C3) Building & Tree (C5)

Time ILR OLR ADEVILR ADEVOLR ADEVILR ADEVOLR ADEVILR ADEVOLR
14:00 451.7 546.5 0.6 10.3 29.7 65.7 18.1 51
16:00 443.6 519.6 4.3 20.9 26.8 45.7 23.5 31.0
18:00 442.4 496.0 7.8 6.5 29.3 30.3 13.3 20.9
20:00 435.3 471.9 7.6 6.2 26.1 14.9 14.7 3.7

average 443.2 508.5 5.1 11.0 28.0 39.2 17.4 26.6

Among the three types other than the standard open space, the largest reduction in ILR is observed in
C3. The OLR is the most prevalent in the spot (C3) with only buildings. The major changes in the amount
of longwave radiation occur in the order of buildings (C3), buildings and trees (C4), and trees (C2).

3.2. Comparison of Building Shade Effect

This section compares two different sites where observation was performed with and without tree
coverage. The measurements for the tree effect comparison were performed at the four spots A1, A2,
B1, and B2 in two different places (sites A and B) with two types of shade: under a building (A2, B2)
and under a building with trees (A1, B1). We have numerically examined the reduction in longwave
radiation in the presence of an object blocking it. We also observed how trees blocked longwave
radiation over time.

First, the overall longwave radiation at A2 is less than that at A1 and that at B2 is comparatively
less than that at B1 (Figure 3). On average, the difference in ILR between A1 and A2 is 19.6, and that
between B1 and B2 is 11.1 (Table 3). The OLR is lower for A2 with trees than for A1, but OLR is higher
at B2 (Table 3).
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In all time periods, the OLR of A2 is lower than that of A1, whereas in the B site in Figure 2, that
at B2 was higher than that at B1 at all times except 20:00 (Table 3). The high OLR indicates significant
longwave radiation from underground, and thus less heat under the tree in the measurement area
of the bulky building in residential area A in Figure 2, while more long-term radiation is emitted in
residential area B under the tree. The net longwave radiation is lower in the two residential areas with
trees, A2 and B2, than in those without trees, A1 and B1 (Figure 3).

Depending on the presence or absence of trees, the ILR changes over time vary in absolute
numbers. Trees block longwave radiation from the buildings. However, the OLR is affected by not
only trees, but also by soils and building volumes [61].

3.3. Time Shift by Tree Volume and Composition

The four measurement sites C4, C5, C6, and C7 were all measured under the shadows of the
apartment buildings at site C (Figure 2). Therefore, we investigated the quantitative reduction of
longwave radiation derived from the measurement sites according to the volumes of the four types of
trees at these sites by comparing the longwave radiation deviations from that of the building space
(C3), which is a building-only measurement site (Table 4). The shrub on C4, C6, and C7 measured spot
has a one (±0.3)-m height and one (±0.3)-m width (Appendix A).

Table 4. Comparison of ADEVILR and ADEVOLR in areas with four types of tree coverage (W/m2).

Building
(C3) Shrub (C4) Tree 260 (C5) Tree + shrub (C6) Tree 500 (C7)

Time ILR OLR ADEVILR ADEVOLR ADEVILR ADEVOLR ADEVILR ADEVOLR ADEVILR ADEVOLR
14:00 481.4 480.8 1.3 36.0 11.6 14.7 8.6 34.6 10.9 1.7
16:00 470.3 473.9 9.1 24.9 3.3 14.8 9.3 27.1 0.7 3.0
18:00 471.7 465.6 3.0 14.9 16.0 9.4 14.5 26.7 10.8 3.1
20:00 461.3 457.0 4.7 11.0 11.4 11.2 20.2 16.4 6.4 2.8

average 471.2 469.3 4.5 21.7 10.5 12.5 13.2 26.2 7.2 2.7

Tree 260 (C5) denotes the location with a tree that is approximately 260 m3 in volume. Tree 500
(C7) indicates the spot with a 530-m3 tree. Shrub (C4) indicates that the spot is surrounded by shrubs.
Tree + shrub (C6) refers to an observation spot surrounded by both trees and shrubs (Figure 4).
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The OLR is decreased by approximately 13–40 W/m2 and ILR values are decreased by
approximately 15–29 W/m2, corresponding to the tree volume and its composition with the time shift
(Table 4). However, the OLR of Shrub (C4) demonstrates a predominant decrease of approximately
61 W/m2 from 14:00 to 20:00 (Figure 4, Appendix A). Because of the trees’ blocking function [10],
increased areal coverage corresponds to decreased incident radiation and increased coolness. Thus,
a higher value of incoming longwave radiation (ILR) means that there is a higher influx of longwave
radiation from the peripheral area. The smaller volume of the shrub (mostly under 2 m3) compared to
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that of trees, causes the emission of a smaller quantity of ILR to the ambient environment in the order
C4 > C6 > C5 > C7 (Table 4).

As in Section 3.1, we analysed the effect of tree volume and composition on the degree of change
in ILR and OLR [62]. The absolute deviation of each type of longwave radiation of Tree 500 (C7) shows
the lowest average standing longwave radiation value (Table 4). It is interpreted that the tree volume
type of the measurement site with the largest deviation has a significant effect on the time shift of the
longwave radiation.

Among the four types, except for the reference measuring point C3, the place where the ILR is
changed the most is Tree + shrub (C6). The order of ADEVILR values is as follows: Tree & Shrub
(C6) > Tree 260 (C5) > Tree 530 (C7) > Shrub (C4) (Table 4). Since all the values of ADEV are positive
numbers, it implies that C3, an unplanted area, has the highest value of ILR. However, all the planted
areas are decreased with ILR and different layers of trees decreases more than a single layer of big trees.
That with the largest change in OLR (ADEVOLR) is Tree & Shrub (C6), where the different layers of trees
are planted. This indicates that multiple layering of planting is more useful to mitigate the longwave
radiation from both up and down emission.

3.4. MRT

Mean radiant temperature (MRT) is one of the favorable outdoor thermal comfort indices and can
be estimated by the following Equation (2) [19].

MRT =

[
FEFF

σ
×
(αk)

εp
×

(
(K ↓ +K ↑)

2
+

(L ↓ +L ↑)
2

)]0.25

− 273. (2)

FEFF: Effective radiation area factor
σ: Stefan Boltzmann constant, 5.67 × 10−8 Wm−2K−4

αk: the absorption coefficient for short-wave fluxes (standard value 0.7)
εp: the emissivity of human body. According to Krichhoff’s laws (equal to the absorption

coefficient long-wave radiation, standard value 0.97)
K ↓ : ISR (Incoming shortwave radiation)
K ↑ : OSR (outgoing shortwave radiation)
L ↓ : ILR
L ↑ : OLR
The MRT also demonstrates a declining trend similar to the longwave radiation with time shift

(Table 5 and Figure 5). Each measured spot Tree 500 (C7) projects the lowest MRT value from 14:00 to
20:00. The other three types (C4, C5, and C6) demonstrate higher absolute values and decrease in the
order of increasing tree volume at first. However, at around 16:00, the MRT of C5 decreases below that
of C6; C4 decreases below that of C6 at approximately 17:00. The OLR and ILR values of the shrub (C4)
are higher than those of C6 and C5, and the bidirectional longwave radiation accumulates the most at
C4 because it has the smallest planting volume. We assume that shrubs block radiation emitted from
the ground to the air, while conveying OLR to the ground. Thus, C4 has the highest MRT, even though
the temperature drops the most at 18:00 (Table 5 and Figure 5). The typical range of MRT in summer is
approximately 35 ± 2 ◦C [63]. Thus, the values of MRT under the trees (C5, C6, and C7) in our in-situ
observations are reasonably low, indicating reduced thermal energy, except in the area with shrubs
(C4), because of solar radiation. As the tree volume is doubled from 260 m3 (C5) to 530 m3 (C7), MRT
decreases by approximately 10% from 31.05 to 28.0 ◦C.

Bar graphs express temporal trends in longwave radiation depending on spatial types. Figure 6a
compares longwave radiation in open space (C1), open space with trees (C2), a space next to a building
(C3), and a space next to a building with trees (C5) at different times. The results show that most
measured locations show similar trends. The net longwave radiation decreases when time passes, and
the order of values is C1, C2, C3, C5. Figure 6b expresses the radiation time shift with varying tree



Sustainability 2019, 11, 2251 10 of 19

volumes of trees. In the bar graphs, data nearer the bottom line correspond to lower absolute values of
net longwave radiation at the locations indicated. A low absolute net longwave radiation indicates
that the surface temperature is lower than those at locations with higher net longwave radiation [64].

Table 5. Mean MRT corresponding to tree type (unit: ◦C).

Time Shrub (C4) Tree 260 (C5) Tree + Shrub (C6) Tree 500 (C7)

14:00 36.4 33.8 32.8 29.4
16:00 33.3 31.9 32.2 29.1
18:00 31.7 29.8 30.4 28.1
20:00 29.9 28.7 29.3 25.4

Average 32.8 31.0 31.2 28.0

Sustainability 2019, 11, x FOR PEER REVIEW 9 of 20 

Sustainability 2019, 11, x; doi: FOR PEER REVIEW www.mdpi.com/journal/sustainability 

volume type of the measurement site with the largest deviation has a significant effect on the time 
shift of the longwave radiation. 

Among the four types, except for the reference measuring point C3, the place where the ILR is 
changed the most is Tree + shrub (C6). The order of ADEVILR values is as follows: Tree & Shrub (C6) 
> Tree 260 (C5) > Tree 530 (C7) > Shrub (C4) (Table 4). Since all the values of ADEV are positive 
numbers, it implies that C3, an unplanted area, has the highest value of ILR. However, all the planted 
areas are decreased with ILR and different layers of trees decreases more than a single layer of big 
trees. That with the largest change in OLR (ADEVOLR) is Tree & Shrub (C6), where the different layers 
of trees are planted. This indicates that multiple layering of planting is more useful to mitigate the 
longwave radiation from both up and down emission. 

3.4. MRT 

Mean radiant temperature (MRT) is one of the favorable outdoor thermal comfort indices and 
can be estimated by the following Equation (2) [19]. 

Table 5. Mean MRT corresponding to tree type (unit: °C). 

Time Shrub (C4) Tree 260 (C5) Tree + Shrub (C6) Tree 500 (C7) 
14:00 36.4 33.8 32.8 29.4 
16:00 33.3 31.9 32.2 29.1 
18:00 31.7 29.8 30.4 28.1 
20:00 29.9 28.7 29.3 25.4 

Average 32.8 31.0 31.2 28.0 

 

Figure 5. MRT over time corresponding to tree type: C4 (Shrub), C5 (Tree 260 m), C6 (Tree + shrub), 
and C7 (Tree 500 m). 

𝑀𝑅𝑇 =  𝐹𝜎 × (𝛼 )𝜀 × ((𝐾 ↓ +𝐾 ↑)2 + (𝐿 ↓ +𝐿 ↑)2 ) . − 273. (2) 

𝐹 : Effective radiation area factor 𝜎: Stefan Boltzmann constant, 5.67 × 10−8 Wm−2K−4 𝛼 : the absorption coefficient for short-wave fluxes (standard value 0.7) 𝜀 : the emissivity of human body. According to Krichhoff’s laws (equal to the absorption coefficient long-wave radiation, 
standard value 0.97) 𝐾 ↓: ISR (Incoming shortwave radiation) 𝐾 ↑: OSR (outgoing shortwave radiation) 𝐿 ↓: ILR 

Figure 5. MRT over time corresponding to tree type: C4 (Shrub), C5 (Tree 260 m), C6 (Tree + shrub),
and C7 (Tree 500 m).

Sustainability 2019, 11, x FOR PEER REVIEW 10 of 20 

Sustainability 2019, 11, x; doi: FOR PEER REVIEW www.mdpi.com/journal/sustainability 

𝐿 ↑: OLR 
 
The MRT also demonstrates a declining trend similar to the longwave radiation with time shift 

(Table 5 and Figure 5). Each measured spot Tree 500 (C7) projects the lowest MRT value from 14:00 
to 20:00. The other three types (C4, C5, and C6) demonstrate higher absolute values and decrease in 
the order of increasing tree volume at first. However, at around 16:00, the MRT of C5 decreases below 
that of C6; C4 decreases below that of C6 at approximately 17:00. The OLR and ILR values of the 
shrub (C4) are higher than those of C6 and C5, and the bidirectional longwave radiation accumulates 
the most at C4 because it has the smallest planting volume. We assume that shrubs block radiation 
emitted from the ground to the air, while conveying OLR to the ground. Thus, C4 has the highest 
MRT, even though the temperature drops the most at 18:00 (Table 5 and Figure 5). The typical range 
of MRT in summer is approximately 35 ± 2 °C [63]. Thus, the values of MRT under the trees (C5, C6, 
and C7) in our in-situ observations are reasonably low, indicating reduced thermal energy, except in 
the area with shrubs (C4), because of solar radiation. As the tree volume is doubled from 260 m3 (C5) 
to 530 m3 (C7), MRT decreases by approximately 10% from 31.05 to 28.0 °C. 

  

Figure 6. (a) Net longwave radiation, and (b) net longwave radiation in the presence of trees (C1: 
open space; C2: open space surrounded by trees; C3: building; C5: building + tree; C4: shrubs; C5: 
trees; C6: trees and shrubs; C7: tall trees and shrubs; net longwave radiation = (ILR − OLR) (unit: 
W/m2). 

Bar graphs express temporal trends in longwave radiation depending on spatial types. Figure 
6a compares longwave radiation in open space (C1), open space with trees (C2), a space next to a 
building (C3), and a space next to a building with trees (C5) at different times. The results show that 
most measured locations show similar trends. The net longwave radiation decreases when time 
passes, and the order of values is C1, C2, C3, C5. Figure 6b expresses the radiation time shift with 
varying tree volumes of trees. In the bar graphs, data nearer the bottom line correspond to lower 
absolute values of net longwave radiation at the locations indicated. A low absolute net longwave 
radiation indicates that the surface temperature is lower than those at locations with higher net 
longwave radiation [64]. 

In the bar graphs, negative values indicate that the OLR is greater than the ILR. Thus, the 
locations with negative values are dominated by OLR, including the radiation emitted from 
peripheral objects. 

From Figure 6a, the trends in longwave radiation with the passage of time have similar shapes 
of lines at different locations. The net longwave radiation in the open space (C1) is the highest among 
the four observed types: C1 > C2 > C3 > C5. Because C1 has no shade during the daytime, it receives 

Figure 6. (a) Net longwave radiation, and (b) net longwave radiation in the presence of trees (C1: open
space; C2: open space surrounded by trees; C3: building; C5: building + tree; C4: shrubs; C5: trees; C6:
trees and shrubs; C7: tall trees and shrubs; net longwave radiation = (ILR − OLR) (unit: W/m2).

In the bar graphs, negative values indicate that the OLR is greater than the ILR. Thus, the locations
with negative values are dominated by OLR, including the radiation emitted from peripheral objects.
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From Figure 6a, the trends in longwave radiation with the passage of time have similar shapes of
lines at different locations. The net longwave radiation in the open space (C1) is the highest among the
four observed types: C1 > C2 > C3 > C5. Because C1 has no shade during the daytime, it receives full
solar radiation and absorbs a large amount of solar radiation in the ground [65]. Therefore, C1 releases
more longwave radiation than the other types at night-time.

However, Figure 6b describes the effect of tree volume on longwave radiation. The time shifts
in Figure 6b also show similar trends with variations in tree volume. The net longwave radiation at
a spot with both trees and shrubs (C6) has the highest absolute value among the four types of spots;
C6 > C4 > C5 > C7. The order of the values indicates that shrubs minimize OLR from the ground [66].
In other words, the ground environmental condition affects the emission of OLR.

4. Discussion: Energy Sustainability to Improve Thermal Environment

Because of the rapid densification of cities and climate change, which impede sustainability,
many approaches have been attempted to adapt to summer heatwaves. Most studies have focused
on blocking solar radiation to improve thermal comfort. However, this study began by questioning
whether people feel cool when they are in areas such as urban canyons, which are shaded by buildings
during the daytime. Therefore, the research mainly concentrated on finding the appropriate thermal
environment conditions for residents considering urban canyons in summer.

Thus, we investigated the influence of trees and buildings on longwave radiation and MRT, with
an emphasis on the temporal shifts in ILR, OLR, and MRT considering tree types and building shade.
Although research on the environmental elements affecting UHIE [67] has been performed, the surface
temperatures of surrounding buildings also influence longwave radiation in urban canyons [68].

We determined the spatial and environmental effects on radiation in shaded areas by measuring
longwave radiation in residential areas located in urban canyons. The temporal shifts of longwave
radiation in urban canyons were determined in four location types: locations with trees (C2), buildings
(C3), trees and buildings (C5), and open space (C1).

The ILR and OLR values for the four types descend in the order C3 > C5 > C2 > C1 (Table 2). This
shows that longwave radiation is emitted most near buildings (C3), and is least emitted in open space
(C1). The longwave radiation in areas with buildings and trees (C5) is less than that in areas with only
buildings (C3) because the trees block radiation incident on the buildings [69,70]. The data from the
tree-only spot (C2) shows that the longwave radiation emitted by the tree volume is smaller than that
emitted by buildings. Therefore, increasing tree planting in residential complex designs can not only
decrease longwave radiation during the daytime, but also increase the longwave radiation after sunset,
thus improving the thermal comfort.

The study area was enlarged to examine the longwave radiation blocking effects of buildings in
other residential areas (sites A and B). The ILR was decreased by 11.1 and 19.6 W/m2 in the presence of
trees (A2 and B2, respectively) compared to that measured without trees (A1 and B1, respectively).
OLR at A2 was lower than that at B2. The decrease in ILR indicates that the longwave radiation emitted
from the building is decreased, which contributes to the energy balance in the residential complex.
However, OLR was lower at the spot with the tree. This is because the treetop effect in the surface
energy balance [71] was low because of the small number of trees. Therefore, in designing detailed
planting in a residential complex, the number of trees required to decrease longwave radiation should
be considered.

4.1. Time Shift of Radiation by Tree Volume and Composition

In the longwave radiation change according to tree volume, the radiation value is the lowest at
the location with both trees and shrubs (C6). This is because the location has a lower SVF, which is
advantageous for thermal comfort. This result can be used in planting planning or designs. In addition,
a greater tree volume has a greater blocking effect on longwave radiation. Therefore, denser canopy
space filling [72] in planting design is more favourable for enhanced thermal comfort.
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4.2. Time Shift of MRT

The temporal change of the estimated MRT indicates that the location with the largest tree volume
(C7) is the most favourable for thermal comfort. The sharpest decline of both day and night longwave
radiation occurs at C4, which is planted with shrubs. However, low absolute MRT values and low day
and night fluctuations, rather than a drastically reduced night-time MRT, can help promote the energy
balance to achieve sustainable thermal and residential thermal environments. From MRT analysis,
we found that about a 10% reduction in MRT could be achieved with around a 50% increase in the
tree volume.

4.3. Study Limitations

The measuring equipment was located north of the buildings and the distance between the trees
and the building was approximately 17 m. Four-story buildings were located at spots B1 and B2.
These architectural circumstances restricted the shade from reaching the tree spot and allowed the tree
to create shade near the building during the daytime [73]. The two-directional MRT measurement
instruments may cause higher MRT under incoming longwave radiation [74]. Each sensor (where each
instrument has two longwave radiation sensors) collects the radiation value over a half-hemisphere
(180◦). Thus, ILR was only collected from the upper sensor, so the MRT value is only affected by the
sky condition, unlike a six-directional MRT value.

Because this research utilized limited seasons and spaces, longwave radiation trends in the winter
should be investigated as well.

4.4. Suggestions for Further Research

In this study, focused longwave radiation directly affects the urban thermal environment relative to
the surface temperature in shadowy urban canyons [74]. Considering this point, research on longwave
radiation allows the proposal of new methods to secure energy efficiency by manipulating the volume
and composition of planting in overpopulated residential areas with concentrated high-rise buildings.
Research on the temporal changes and energy balance of longwave radiation in shaded areas is useful
for urban planners in developing microclimate-change adaptation methods.

We expect that the findings regarding the interactions of tree volume, building shade, and
longwave radiation can contribute to rationalizing landscape and architectural standard criteria
for residential apartment complex redevelopment in megacities. However, to solve heat problems
in a megacity residential apartment complex, the role of trees, which reduce longwave radiation,
is important. The development of high-density residential areas will require the establishment of
standard criteria that may be reflected in construction, considering the temporal change of longwave
radiation shifts in residential areas shaded by buildings. In addition, land use characteristics such as the
terrestrial and surrounding environments affect variations in longwave radiation and resulting trends.

5. Conclusions

This research investigated shifts in longwave radiation over time, depending on spatial aspects,
focusing on trees, buildings, and their sizes. Radiation was measured in residential areas where the
spatial characteristics met our requirements for the designed investigation. From the measurements,
we found that voluminous trees and multi-layered planting (i.e., trees and shrubs) facilitate longwave
radiation mitigation more than single-layer planting, because they block radiation from buildings.
Moreover, analysis of the MRT showed that larger tree volumes corresponded to greater thermal
comfort. For instance, a 50% increase in tree volume induced a 10% decrease in MRT. These results may
permit urban planners and designers to manage longwave radiation and improve thermal comfort in
residential areas.

Net longwave radiation was more decreased under conditions of steady shade than under partial
sunlight exposure, as shown by the research. We can apply this characteristic to the design of urban
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residential site designs, considering tree volume and composition. Multi-layered urban tree canopies
favor the improvement of thermal environment and energy sustainability. Larger trees planted with
harmonious shrubs are more effective and useful for reducing longwave radiation than smaller trees or
only shrubs. The data presented in this study may guide the management of tree volume and various
vertical aspects in planting in residential areas to reduce longwave radiation.

The findings of the study offer new data to rationalize methods for thermal environment
improvement. For future research related to sustainable radiation mitigation methods in the daytime
under heatwaves, appropriate species and volumes of trees for controlling longwave radiation in
residential areas could be investigated in detail. More advanced studies regarding natural emitted
surplus radiation could be adequately performed with the positive reuse of energy for achieving
community energy balance. In the future, radiation measurement research will be performed on
additional sites to further determine the influences of tree species and volume on longwave radiation
over time. For this, SVF data over time must be obtained. In our next work, we aim to conduct
a simulation of spatial radiation distribution tendencies, in addition to proposing a physical and
chemical model related to the thermal environment and in-situ human body mobile observations.
This simulation will facilitate explanation of the spatial mechanism of thermal vulnerability in
urban environments.
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ILR Mean 472.9, Standard 

deviation: 10.8 
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Building H/V: 42/39312 
Tree H/V: 20/265 (cone) 

 
ILR Mean 460.6, Standard 

deviation: 8.9 
OLR Mean 481.8, Standard 

deviation: 18.1 
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C6 

 
Building H/V: 42/39312 

Shrub H/V: 1 /353 
Tree H/V: 10/261(oval) 

 
ILR Mean 458.0, Standard 

deviation: 12.5 
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Building H/V: 42/39312 
Tree H/V:18/530 (oval) 

 
ILR Mean 464.0, Standard 

deviation: 5.4 
OLR Mean 468.1, Standard 

deviation: 7.8 
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Table A2. C4, C5, C6, and C7 values. 

 Shrub (C4) Tree 260 (C5) Tree & Shrub (C6 Tree 500 (C7) 
time (hours) ILR OLR ILR OLR ILR OLR ILR OLR 

1400 486.67 526.05 460.46 481.66 472.78 521.35 467.50 471.88 
1600 476.48 484.09 465.09 480.93 469.64 516.36 469.68 477.84 
1800 465.63 476.55 453.07 467.05 464.18 506.81 459.91 460.73 
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Table A1. Cont.

Type Schematic (Unit: m/m3) Boxplot (Mean/STDV) Photographs (SVF/Site)
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Table A2. C4, C5, C6, and C7 values.

Shrub (C4) Tree 260 (C5) Tree & Shrub
(C6) Tree 500 (C7)

time
(hours) ILR OLR ILR OLR ILR OLR ILR OLR

1400 486.67 526.05 460.46 481.66 472.78 521.35 467.50 471.88
1600 476.48 484.09 465.09 480.93 469.64 516.36 469.68 477.84
1800 465.63 476.55 453.07 467.05 464.18 506.81 459.91 460.73
2000 454.65 465.03 447.13 459.20 458.07 496.07 454.94 456.11

Table A3. CNR4 specifications of the pyranometer (thorough explanation of CNR4, a net radiometer).

Pyranometers Specification Value (Unit) Definition

Sensing sensitivity 5~20 (µV/W/m2) Calibration factor
Irradiance range 0~2000 (W/m2) Measurement range
Net irradiance range −250~+250 (W/m2)
Shortwave radiation spectral range 300~2800 (nm)
Longwave radiation spectral range 4500~430,000 (nm)

Field of view 1) upper detector: 180◦,
2) lower detector: 150◦ Sensor opening angle

Non-linearity less than 1 (%)

0~1000 W/m2 irradiance—Maximum
deviation from the responsivity at
500 W/m2 due to any change of irradiance
within the indicated range.

Uncertainty in daily total Less than 5 (95% confidence level) Achievable uncertainty
Temperature dependence of sensitivity −10~+ 40 (◦C)
Operating temperature −40~+ 80 (◦C)
Environmental 0–100% RH Relative Humidity
Response time less than 18 s 95% response

Directional error less than 20 (W/m2)

angles up to 80◦ with 1000 W/m2 Beam
radiation–combined zenith and azimuth
error from 0~80◦ with 1000 W/m2 beam
radiation

Sited by KIPP & ZONEN CNR4 Net Radiometer Instruction Manual.
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Table A4. Correlation of longwave radiation and measured weather condition.

LW_Up LW_Down Wind_Speed Air_Temp SVF

LW_up

Pearson Correlation 1 −0.582 ** −0.171 ** −0.041 * −0.507 **
Sig. (2-tailed) 0.000 0.000 0.044 0.000
Sum of Squares and Cross-products 767511.866 −721733.521 −5068.676 −1214.111 −3638.978
N 2421 2421 2419 2419 2419

LW_down

Pearson Correlation −0.582 ** 1 0.157 ** 0.566 ** 0.734 **
Sig. (2-tailed) 0.000 0.000 0.000 0.000
Sum of Squares and Cross-products −721733.521 2006096.517 7555.581 27051.415 8520.616
N 2421 2421 2419 2419 2419

Wind_speed

Pearson Correlation −0.171 ** 0.157 ** 1 0.148 ** 0.059 **
Sig. (2-tailed) 0.000 0.000 0.000 0.004
Sum of Squares and Cross-products −5068.676 7555.581 1150.502 169.017 16.404
N 2419 2419 2419 2419 2419

Air_temp

Pearson Correlation −0.041 * 0.566 ** 0.148 ** 1 0.374 **
Sig. (2-tailed) 0.044 0.000 0.000 0.000
Sum of Squares and Cross-products −1214.111 27051.415 169.017 1141.213 103.434
Covariance −0.502 11.188 0.070 0.472 0.043

N 2419 2419 2419 2419 2419

SVF

Pearson Correlation −0.507 ** 0.734 ** 0.059 ** 0.374 ** 1
Sig. (2-tailed) 0.000 0.000 0.004 0.000
Sum of Squares and Cross-products −3638.978 8520.616 16.404 103.434 67.164
Covariance −1.505 3.524 0.007 0.043 0.028
N 2419 2419 2419 2419 2419

Note: **. Correlation is significant at the 0.01 level (2-tailed). *. Correlation is significant at the 0.05 level
(2-tailed).
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