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Abstract

Radiation exposure reduction effect model in urban

street and its application for decision making

Chae yeon Park
Interdisciplinary Doctoral Program in Landscape Architecture
Graduate School, Seoul National University

Supervised by Professor Dong Kun Lee

Urban heat island and climate change have increased urban heat and
threatened public health. Most streets are made of impervious surfaces and
little vegetation. Also, cars and buildings are anthropogenic heat sources.
Consequently, urban planners are considering heat mitigation strategies to
prevent further increases in urban heating on streets. Critically, pedestrian
thermal exposure depends on several factors in addition to air temperature, in

particular the radiant environment in urban street canyons.

Several strategies have been studied for reducing radiation exposure of
pedestrian. Among them, street tree is a well-known strategy to effectively
reduce radiant heat by shade effect. But, decision makers such as urban
planners do not know how much radiation is reduced by their decision about
reducing radiation exposure. And it is difficult to know which options are the

most effective for improving street thermal environment. Therefore, this
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study aims to develop a decision making support tool that determines the

effective radiation exposure reduction plans with trees.

The study developed a model to estimate the pedestrian radiant heat load
that is suitable for urban street with varying tree and building design. The
model simulates shortwave and longwave radiation exchange for each urban
element and area-weighted view factors, then finally obtains mean radiant

temperature (MRT) of pedestrians on the sidewalk.

Using this estimation model, the study examined the variation of MRT
depending on the tree design parameters (e.g., tree size and interval). The
results showed that as the tree interval decreased, MRT reduction was
increased exponentially by small trees, while MRT reduction was increased
linearly by large trees. Based on this results, decision maker can identify MRT

reduction effect of trees and select most appropriate tree design parameters.

A variety of MRT reduction strategies can be applied to one site. To
reflect a real world, the study proposed a multi-strategies combination model.
To find the effective combination plans consisting of tree, grass, albedo
reduction of building walls and sidewalk, the objective functions were set:
maximizing MRT reduction and minimizing the cost. The model provide a
wide range of alternatives to satisfy these objectives, allowing decision

makers to select plan tailored to their preference or site condition.

This study seeks to develop useful decision support tool for urban planner
by providing quantitative effect of tree and a range of options with cost-

effective strategies combination. This will provide insights for sustainable



urban planning by designing thermal-friendly streets with tree.

Keywords: Urban heat island, tree planning, Mean radiant temperature,
Optimization, shading effect

Student Number: 2017-37831
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. Introduction

Urban areas have been warming as a result of climate change and
urbanization (Stewart & Oke, 2012). This phenomenon has a negative effect
on people livings in these areas, as the increased heat flux, causes discomfort,
lower productivity, and heat-related diseases (Brown, Vanos, Kenny, &
Lenzholzer, 2015; J. Wang, Huang, Fu, & Atkinson, 2015). People who walk
around outdoor streets are particularly vulnerable to increased urban heating
and heat stress. Little vegetation, impermeable surfaces, and anthropogenic
heat sources enhance the heat in street canyons; this is transferred to
pedestrians. Consequently, urban planners are considering heat mitigation

strategies to prevent further increases in urban heating on streets.

Many heat mitigation strategies are used in existing urban areas, including
converting impervious surfaces to cool or permeable surfaces, providing
water bodies, increasing the amount of vegetation, and green infrastructure
(Dimoudi et al., 2014; L. Kong et al., 2017; Rizwan, Dennis, & Liu, 2008;
Rosso et al., 2018; Takebayashi, Kimura, & Kyogoku, 2014; Tominaga, Sato,
& Sadohara, 2015; Zoras, Tsermentselis, Kosmopoulos, & Dimoudi, 2014).
Converting surfaces to high albedo surfaces have been recognized as cooling
strategies in urban street (Alchapar, Correa, & Canton, 2014; Zoras et al.,
2014). However, latest research found high albedo surfaces could reflect
radiation to the pedestrian, which resulted in increasing heat stress (Erell,

Pearlmutter, Boneh, & Kutiel, 2014; Lee & Mayer, 2018b). Water and green



infrastructure play urban cool islands by reducing sensible heat using
conduction, radiation blocking and providing latent heat (Y. C. Chen, Tan,
Wei, & Su, 2014; Du et al., 2016; Feyisa, Dons, & Meilby, 2014; F. Kong,
Yin, James, & He, 2014; R. Sun, Chen, Chen, & L, 2012).

In the pedestrian level, radiation heat flux is the major component to
increase heat stress. Many researchers have been used mean radiant
temperature (MRT) to assess the meteorological component of heat stress (De
& Mukherjee, 2017; J. Huang, Cedefio-Laurent, & Spengler, 2014; Kéantor,
Chen, & Gal, 2018; Kantor, Gal, Gulyas, & Unger, 2018; Klemm,
Heusinkveld, Lenzholzer, & van Hove, 2015; Lindberg & Grimmond, 2011;
Oliveira, Andrade, & Vaz, 2011; Taleghani, Sailor, Tenpierik, & van den
Dobbelsteen, 2014); this metric integrates radiation flux densities emitted and
reflected from surrounding surfaces and from the sun and sky, and quantifies
the amount of radiative energy incident on a pedestrian (Matzarakis, Rutz, &
Mayer, 2010). Many factors affect pedestrian’s MRT in urban streets,
including urban form, material properties, and implementation of green
infrastructure, which are involved in radiation transfer process. In this respect,
green infrastructure that mitigates urban radiation flux by generating shade
on the ground and wall and converting wall or pavement material that controls
reflectance can be good solutions to reduce MRT (Abreu-Harbich, Labaki, &

Matzarakis, 2015; Lee & Mayer, 2018b; Lindberg & Grimmond, 2011).

Among several strategies for reducing pedestrian’s MRT, tree is a popular

strategy due to their shading effect. Tree shade reduced solar radiation up to



76-93 % during summer (Abreu-Harbich et al., 2015; Holst & Mayer, 2011).
Although many previous studies have found the MRT reduction effect of tree,
there is no available information for supporting decision making in urban plan.
For example of street tree, researchers have not provided specific design
parameters trees that can be applied to urban planning. Some studies have
measured the reduction of urban heat due to trees at specific field study sites
(D. Armson, Stringer, & Ennos, 2012; Klemm et al., 2015; Lee, Holst, &
Mayer, 2013). However, these results are limited to the study site and are
difficult to apply to other areas. Other studies have used numerical
simulations to confirm that larger and denser trees are more effective at
mitigating urban heat. The heat mitigation effect of the tree became greater
as far as the leaf area index became larger (E. S. Krayenhoff, Christen,
Martilli, & Oke, 2014; Morakinyo & Lam, 2016; Ryu, Bou-Zeid, Wang, &
Smith, 2016) and the tree height became taller (E. S. Krayenhoff et al., 2014;
Ryu et al., 2016). These results are also difficult to apply to urban planning
because the urban planner must select trees within limited space and budget,
which are relatively fixed parameters. When provided with a range of options
and evidence for optimal tree planting intervals, planners can work within

their given parameters to make the best decision.

In a real world urban planning, several strategies are considered at the
same time. And combining multiple strategies could result in different effects
(E. Scott Krayenhoff, Moustaoui, Broadbent, Gupta, & Georgescu, 2018),

which is called as combination effect in this study. However, many studies



focused on single strategy (Dimoudi et al., 2014; Djedjig, Bozonnet, &
Belarbi, 2016; Napoli, Massetti, Brandani, Petralli, & Orlandini, 2016;
Oliveira et al., 2011) and this results could make decision makers
underestimate or overestimate the effect of multiple strategies. In addition,
decision makers must consider the cost effectiveness in order to provide
maximum effect within a limited budget. Therefore, the new decision support
tool for considering multi-objective and multi-strategies in order to reduce
pedestrian’s MRT and researchers should provide a wide range of optimal

options that contains cost-effective strategies combination.

For providing these decision support information, estimation of MRT
reduction strategies should be prioritized. One of the reason for lack of
information is the lack of the simulation model to assess the MRT reduction
effect. Because many factors affect MRT, each research requires an MRT
simulation model that is appropriate for our purposes. However, no currently
available model can evaluate pedestrian’s MRT, focusing on both the urban
street canyon and diverse strategies including street tree, and grass, with

simple input data.

The purpose of this study is evaluating the MRT reduction effect of critical
strategies in urban street and providing urban design parameters information.
| selected street tree (chapter 2 and 3), grass (greenway along the sidewalk)
(chapter 3), and low albedo material (chapter 3) as the MRT reduction
strategies (Fig. 1). For assessing the MRT, | developed multi-layer MRT

which is an effective simulation model in urban street with trees (chapter 1).



In chapter 2, focusing on the street tree, variations of MRT reduction of street
trees with critical design variables: tree size and interval. In chapter 3,
focusing on the strategies combination and cost-effectiveness, | developed
optimal multi-strategies model that provided a range of MRT reduction

options.

The results of this study fill the gap between the research on the cooling
effect and urban planning to mitigate radiation exposure by providing data:
variation of MRT reduction depending on tree size and interval, and series of

strategies combination.



Chapter 1

MRT reduction effect assessing model

Chapter 2
e ™
Single strategy:

street tree

- ‘ J

s ™
Parameter:

tree size and interval
g J
s * A

Objective: MRT reduction
.

v

8-

MRT reduction variation
depending on parameters
of street tree

N

~

Decision making supporting data
in urban street plan

Chapter 3

v

~
Multiple strategies:

Street tree, greenway, and
low albedo material

4 N
Parameter:
The number or the area of
strategi
L gies )
v
.. .. 7
Objective: maximizing
MRT reduction and
L minimizing the cost
*
(

A range of optimal
options of cost-effective

strategies combination

Fig. 1. Outline of the study and its objectives.



Il. CHAPTER 1: A multilayer mean radiant
temperature model for pedestrians in a street
canyon with trees

2.1. Introduction

Urban heating from development and climate change is projected to
modify pedestrians’ energy balance and worsen thermal comfort (L. Kong et
al., 2017). Many researchers used mean radiant temperature (MRT) to assess
the meteorological component of outdoor thermal comfort (De & Mukherjee,
2017; J. Huang et al., 2014; Kantor, Chen, et al., 2018; Kantor, Gal, et al.,
2018; Klemm et al., 2015; Lindberg & Grimmond, 2011; Oliveiraetal., 2011,
Taleghani, Sailor, et al., 2014). MRT is one of the most important human bio-
meteorological variables, especially for daytime in clear-sky summer days
(Holst & Mayer, 2011; Lee et al., 2013; Lee, Mayer, & Chen, 2016; Lee,
Mayer, & Schindler, 2014; Mayer, Holst, Dostal, Imbery, & Schindler, 2008).
This metric integrates shortwave and longwave radiation flux densities
emitted and reflected from the tree dimensional environment and quantifies
the amount of radiative energy incident on a pedestrian (Holst & Mayer, 2011;

Lee et al., 2013; Thorsson, Lindberg, Eliasson, & Holmer, 2007).

Many factors affect pedestrians” MRT in urban streets, including urban
form, material properties, and implementation of green infrastructure (Lee &
Mayer, 2016). Urban form can control sun exposure and shading, cause a

significant effect on shortwave radiation flux densities, and determine



outdoor heat conditions (Holst & Mayer, 2011; Lee et al., 2013; Xuan, Yang,
Li, & Mochida, 2016). For example, street orientation and aspect ratio are
important microclimate modulators (Ali-Toudert & Mayer, 2006; De &
Mukherjee, 2017; Holst & Mayer, 2011). Modifying pavement albedo can
reduce surface temperature (Alchapar et al., 2014; Zoras et al., 2014), but may
also be problematic on pedestrian heat balance (Erell et al., 2014), whereas
the application of cool materials implemented may improve urban climate (E.
Scott Krayenhoff & Voogt, 2010; Rosso et al., 2018). Green structures
mitigate urban radiation flux by generating shade on the ground and walls
(Lee et al., 2016; Lindberg & Grimmond, 2011). Among these modifications,
planting trees is a good solution because trees serve the ecosystem in a variety
of ways in addition to their cooling benefits (Jamei & Rajagopalan, 2017; L.
Kong et al., 2017). Many studies confirmed that trees can influence urban
microclimates and reduce the radiation heat flux absorbed by a person
because of their reflection, transmission, and absorption of shortwave
radiation, which is called the shading effect (Abreu-Harbich et al., 2015;
Holst & Mayer, 2011; Lee et al., 2013).

A previous research suggested that the most important variables for
determining a tree’s cooling effects are size, leaf area index or density, and
location (E. S. Krayenhoff et al., 2014; Morakinyo & Lam, 2016; Redon,
Lemonsu, Masson, Morille, & Musy, 2016; Ryu et al., 2016; Takebayashi et
al., 2014). Wider trees with taller crowns can absorb more radiation (E. S.

Krayenhoff et al., 2014; Ryu et al., 2016; Takebayashi et al., 2014). The leaf



area index (LAI, [m3dm3) and the leaf area density (LAD, [m@m3) also
indicate the leaves’ photosynthetic capacity, which is strongly related to a
tree’s capacity to provide shade and reduce daytime MRT. In particular, LAD
reflects the leaves’ volumetric density and can be used to determine radiation
attenuation (lio, Kakubari, & Mizunaga, 2011). Lastly, location includes the
spacing between trees, spacing between trees and buildings, and direction of
the tree row (Morakinyo & Lam, 2016; Redon et al., 2016; Ryu et al., 2016).
The effect of a tree varies depending on the elements that surround it; hence,

its relative location must be considered.

Many factors affect MRT; thus, this study requires an MRT simulator that
is appropriate for the purposes. ENVI-met, SOLWEIG, and RayMan are the
best-known MRT simulators that consider 3D urban morphology. They are
highly-cited, indicating demand for tools to assess spatially-variable human
bio-meteorological impacts in urban areas (Hondula et al., 2017; Kéntor, Gal,
et al., 2018; Lee et al., 2016). The latest version of ENVI-met can simulate
MRT in complex urban settings (Lee et al., 2016). However, it focuses on the
other meteorological variables (i.e. air temperature, wind speed, humidity) as
well as MRT. And those three simulators simplify calculation for diffuse
shortwave and longwave radiation using the sky view factor to obtain MRT
of all complex 3D regions. (Ali-Toudert & Mayer, 2006; Lindberg, Holmer,
& Thorsson, 2008; Matzarakis et al., 2010). RayMan is not appropriate for
highly heterogeneous urban areas (Lee & Mayer, 2016). No currently

available model can evaluate pedestrians’ MRT, focusing on both the urban



street canyon and trees, with an accurate radiation transfer process. While
previous simulators are appropriate for the estimation of MRT of a study area
with CAD-based shape files and digital elevation models (Lindberg &
Grimmond, 2011; Matzarakis et al.,, 2010), they are not suitable for
comparing pedestrian MRT values that vary according to MRT mitigation
strategies because of their complexity of input data and improper capturing

of multiple radiation physical processes.

An urban multilayer radiation model was first introduced by Martilli et al.
(Martilli, Clappier, & Rotach, 2002) and re-developed by Krayenhoff et al.
(E. S. Krayenhoff et al., 2014) with (Monte Carlo) ray tracing to include urban
trees. This study develops a similar multilayer MRT (MMRT) model for
estimating pedestrians’ radiation heat flux in a street canyon. The proposed
model is two-dimensional (2D) and requires only simple input data, but
applies to complex urban streets with diverse building and tree heights and
densities caused by the multilayer geometry and flexible Monte Carlo ray
tracing (MCRT) approach. These multilayer systems are novel in their ability
to consider the vertical heterogeneity of urban areas. Using a multilayer
system, the study develops a new MRT model that encapsulates the radiation
transfer process in complex urban streets at the microscale. The input data are
designed to consider major MRT control factors regarding urban form,
pavement, and trees. The results can be used to design streets for improved

thermal comfort when used with air temperature, humidity, and wind speed.
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2.2. Methods

2.2.1. Research flow

This study focuses on developing an MMRT model based on a multilayer
urban radiation model that divides the vertical domain into layers and enables
the consideration of heterogeneous vertical buildings and vegetation layers
(E. S. Krayenhoff et al., 2014). The study evaluates this model using view
factors and multilayer variables (i.e., probability density profiles of buildings
and trees). The view factor is the fraction of energy leaving one surface, which
reaches the other surface and is calculated with an analytical computation.
However, analytically determining the complex urban geometry, especially
with tress, is difficult (Overby, Willemsen, Bailey, Halverson, & Pardyjak,
2016). Hence, the study uses MCRT to calculate the view factors in a street
canyon within trees and compare them with the analytical view factors for
verification. From this comparison, this study determines the number of rays
required for good results without excess computation. Second, this study
confirms the suitability of the probability density representation of complex
urban streets. This model uses a density profile; hence, MRT can be
calculated in a single process even if the street canyon site contains many
diverse buildings and tree heights. After validation, this study conducts
sensitivity tests using tree variables (i.e., tree height and LAD). Fig. 2 presents

a complete flow chart of our methodology.
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Multi-layer variable evaluation

| Tree variable sensitivity tests

Fig. 2. Flowchart of our research process.

2.2.2. Developing the MMRT model

2.2.2.1.  Model geometry

This model is focused on pedestrians’ MRT in a street canyon; thus, this
study consider a domain that includes an infinitely long block within a road
in the middle and buildings on two sides. It is conceptualized with equal road
width and randomly ordered building height. The model domain is composed
of six elements: building walls, roofs, sidewalks, road, street trees, and the
sky. The elements in pairs are divided into sunlit and shaded. This 2D (cross-

section) domain is the result of compressing the 3D urban block (Fig. 3). This
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study divides the vertical component of buildings (walls and roofs) and tree’s
LADs into 10 layers (iz=1, 2, 3...10) to reflect a real urban street geometry
and consider tree-building radiation interactions. The vertical thicknesses of
the building and tree layers are denoted as Az and Azt, respectively. This
study then designated a building profile value and a tree LAD in each layer.
This density profile indicates the probability that the element exists in the 3D
urban canyon (E. S. Krayenhoff et al., 2014).

o e e

[Sa NS Sy fay KSa] o=}
o o
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e e el
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-

Fig. 3. 2D model domain (right) derived from the compression of the 3D urban canyon
street (left). (Xb: building width, Xw: sidewalk width, Xr: road width, ch: tree trunk height,
cw: tree crown width, p: pedestrian height, Az: vertical layer thickness of building, Azt:
vertical layer thickness of tree).
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In the domain, two building columns with widths and density profile
matrices B (shaded areas) and SB (sunlit areas) flank two sidewalks and one
road, and the widths of which are denoted by Xw and Xr, respectively. The
roof probability density profile can also be defined from the building (wall)
probability density profile as matrix R. For example, if all buildings’ heights
are 40 m, and Az is 5 m, matrix B can be definedas[1111111100],
and matrix R becomes [00 00000 1 0 0]. A detailed explanation on B and
R can be found in Martilli et al. (2002). The trees are in two rows with the

leaf area profile density matrix V. V is defined as the LAD matrix that is the
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sum of the leaf area per tree row volume. In this study, the tree rows are
limited to the crown boxes (cw * (Azt = 10)), where cw is the width. This
study assumes the standing position of pedestrians, whose heights are p walk
on the middle of the sidewalks on the shaded and sunlit sides of the canyon.

Therefore, pedestrians are Xw/2 m from the trees.

2.2.2.2.  Model parameters

The input data are classified into four classes: date and time, latitude and
longitude, meteorological data, and geometric data. Date, time, latitude, and
longitude are mainly used to calculate the solar angle and the solar irradiance.
The meteorological data used to assess the surface temperature and the
longwave radiation include air temperature, dew temperature, cloud fraction,
and wind speed. The geometric data, including the widths and heights of
buildings, road, sidewalks, and trees, are described in Section 2.2.1. The
model parameters are listed in the Appendix, including the input data and the

intermediate products of the model.

2.2.2.3. Model flow

The model must first calculate the incident and leaving shortwave and
longwave radiation of each urban element. Then, it calculates the pedestrians’
MRT using the emitted and reflected radiation from the elements to

pedestrians and view factors (Fig. 4).
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Our radiation calculation method is mainly derived from E. S. Krayenhoff
et al. (2014), although the geometry of the urban elements, simulated global
radiation, and surface temperature differ. The model focuses on pedestrians;
hence, additional direct solar radiation and view factors are calculated for the
pedestrians. Our simulation of the global radiation uses equations from Allen
et al. (1998), and our surface temperature simulation uses equations from

Matzarakis et al. (2010).

The model can be process with MATLAB. It is made of a function and sub

functions for direct solar radiation K,;,- and view factors fEﬁEj

Input data ‘ Date & time H Latitude & longitude | | Geometric data ] [ Meteorological data

View factor (fj,

Feedback

TE(iz)
Simulation Kayr E(i2)
(time step \
hour)

I
[ KE() = KunenF (21— K ECi2) | LB(2) = L B2 = LG | | QE(i2) |

QE(iz) = KE(iz) + LE(iz)

|
-
Final output i

Fig. 4. Model flow. Please refer to Table A.1 for variable definitions.

2.2.2.4.  Calculating radiation

2.2.2.4.1. Shortwave radiation
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First, the model calculates the global and extraterrestrial shortwave
radiation from the date, time, and cloud fraction (Allen et al., 1998). Second,
the model divides it into direct and diffuse radiation using Egs. (1)—(3) from
the Erbs model (Erbs, Klein, & Duffie, 1982; W. Park, Kang, Park, Lee, &
Song, 2012). This equation has better performance compared to other models,

especially in Korea (Dervishi & Mahdavi, 2012; W. Park et al., 2012).

K

T _
K" = KOsin("/,—6) (1)
Kyr/ _
dlr/K —
1.0 — 0.09KT KT <0.22
0.9511 — 0.1604KT + 4.388K72? — 16.638K T3 + 12.336K™ 0.22 < KT < 0.80 (2)
0.165 KT > 0.80
K = Kgir + Kgif (3)

Direct shortwave radiation is the irradiance from the sky. Its direction
varies based on time and location. Meanwhile, diffuse shortwave radiation
comes down from every direction as it is scattered in the atmosphere. Our
model uses ray tracing to calculate the direct shortwave radiation on urban
elements. Bundle of rays with direct shortwave energy are evenly placed in
the sky. The user defines the number of rays, each of which comes downward
with a certain direction and step size. The ray direction is defined by the solar
zenith, azimuth angle, and street orientation (E. S. Krayenhoff et al., 2014;

Martilli et al., 2002) by Eq. (4):

. . . tan(0)
ray direction = atan (—Sin (cp—x))' (4)
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As each ray descends, its energy is calculated at every step size. When the
ray meets an urban element, that element intercepts and absorbs the ray’s
energy. When rays are intercepted, they lose their incident strength, which
eventually decreases to zero. Specifically, when the rays are in layers of B,

SB, and V, interception happens every ray step (Fig. 5).

intercepted point

Fig. 5. Model geometries and solar radiation intercepted by urban elements.

The amount of energy intercepted depends on the element type. These
equations come from E. S. Krayenhoff et al. (2014). Rays lose energy when
they are by intercepted by urban elements. The lost energy of ray i at step j

(ARay; ;) is equal to the energy intercepted by urban elements. Therefore,

o A &f 8w



ray energy Ray;; can be calculated by subtracting the lost energy from the

previous step ray energy using Eq. (5). The element’s intercepted energy at

each ray step is expressed by Egs. (6)—(9).

Rayi‘j = Rayi,j_l — ARayi,j (5)
(Sunlit wall) ASB;; = Ray; ;_,SB(iz) = —ARay; (6)
(Roof) AR;; = Ray; j_1R(iz) = —ARay; ; )

(TrEE) AVi,j = Rayi’j_l[l — eXp(—KbSQV(lZ)ASfl)] = —ARayi’j (8)
(Sidewalks, roads, pedestrians) AE; ; = Ray; j_; = —ARay; ; 9

As is the 2D ray step size; therefore, the model can determine the
corresponding 3D distance travelled by the ray by multiplying the ratio of 3D
to 2D distance travelled (E. S. Krayenhoff et al., 2014), which is important
for the accurate attenuation of radiation traveling through tree foliage layers.
K¢ is the leaves’ extinction coefficient, and £ is the clumping factor (0-1,
where 1 indicates a random distribution). This study sets K, and Q to 0.5
(E. S. Krayenhoff et al., 2014). This study also assumes that sidewalks, roads,
and pedestrians absorb all ray energy when they meet a ray. A pedestrian in
sunlit makes a shadow on the sidewalk. Finally, the absorbed direct shortwave

radiation can be calculated as follows using Eq. (10):

Kair 2ijAEi

KairE(iz) = ni  AE(iz)

(10)
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AE(iz) is the area ratio of element E, and level iz is calculated as follows

using Egs. (11)-(16):

AB(IZ) = (Xb+2XW+Xr) (12) (11)

AR(iz) = (G ) R() (12)
. _ Q*xAzt«Cw .

AT(iz) = (Xb+2Xw+Xr) 2V (iz) (13)
_X

AW =W/ h + 2%w + Xr (14)

AR = X1/ (15)

Xb + 2Xw + Xr

_2

AP = “/yp + 2%Xw + Xr (16)

The model must first obtain the view factors between the urban elements
to calculate the diffuse shortwave radiation (H. Huang, Ooka, & Kato, 2005;
Z.-H. Wang, 2014). View factors are needed to calculate the diffuse
shortwave radiation, emitted longwave radiation, and reflection between the
urban elements. Calculating the view factors between elements in complex
urban areas is difficult using analytical methods (H. Huang et al., 2005).
However, MCRT can determine any view factor, even in urban environments

that include trees (Ryu et al., 2016).

The difference between MCRT and ray tracing for direct shortwave

radiation is the ray direction. The model use a certain ray direction and start
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point to calculate the direct shortwave radiation. In contrast, for the view
factor calculation, the model provide the zenith angle with a random number
and a random start point to each ray. The rays’ zenith angle is
cos ' V1 — rand, where rand is a random number between 0 and 1. The
equations of the energy intercepted by the urban elements are the same as
those used when calculating the direct shortwave radiation. Finally, the view

factors are calculated using Eq. (17):
1 ! .
feiz)y-Er(jz) = — 2i,j BE':;(j2) (17)

This model uses an area-weighted view factor that accounts for the area
ratio between sending and receiving elements, as Eq. (18) in E. S. Krayenhoff

etal. (2014):
AE(iz
Fe(iz)-E1(jz) =fE(iz)~Ef(jz){ ( )/AE’(jZ)} (18)

The diffuse shortwave radiation from the sky is absorbed by the urban
elements. Therefore, the amount of diffuse shortwave radiation absorbed is

obtained by multiplying the weighted view factors of the sky (Fs_p(i,)) using
Eqg. (19):

KairE(iz) = KgifFsop(iz) (19)

The net shortwave radiation KE (iz) is the amount of downward (incident)
shortwave radiation Kj,,,»E(iz) minus the amount of upward (leaving)

shortwave radiation K,,E (iz). KgownE(iz) is composed of direct, diffuse,
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and reflected shortwave radiation from other elements. For a building wall,
the model follows Eqg. (20) in Martilli et al. (2002) and E. S. Krayenhoff et al.
(2014):

KaownB(iz) = Kgir B(iz) + Fsyy—p(iz)Kair +
Yjz=1Fsp(j2)~B(i2) A8 KnetSB(jZ) + X jz=1 Fr(jz)~B(i2) AR KnetR(jZ) +
Foop(iz2)26Knet G(Z) + Fy(jz)-B(iz) 0w Knee W (jZ) +
ij=1 FV(jz)eB(iz)aVKnetV(]'Z) (20)

Ky, E(iz) denotes the reflected shortwave radiation from E(iz), which
depends on its albedo by Eqg. (21):

KupE(iZ) = ag KgownE(iz) (21)
Therefore, KE(iz) can be calculated using Eq. (22):

KE(iz) = (1 — ag)KaownE (i2) (22)

2.2.2.4.2. Longwave radiation

The surface temperature can be derived from the solution to the surface
energy balance equation and requires air temperature T,, wind speed v,,inq,
Bowen ratio B, storage heat flux Q, and net radiation flux Q as inputs. The
surface temperature Ty is calculated as in Matzarakis et al. (2010) for each

element (E(iz)). Bowen ratio is set as 20, a large value for assuming that latent
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heat is negligibly small, and Qg is calculated using OHM equations
(Grimmond, Cleugh, & Oke, 1991). In that process, previous @ and present Q
calculated with the previous surface temperature are used. When the model
calculates the longwave radiation again, it uses the simulated surface

temperature from Eq. (23):

Ty =T, + s (23)

@ T (6.2+426vwina)(1+1/p,)

The longwave radiation depends on view factors and emissivity. Like the
net shortwave radiation, the net longwave radiation is the amount of
downward (incident) longwave radiation Lg,,»E (iz) subtracted by the
amount of upward (leaving) longwave radiation L,,E(iz). LgownE (iz)
contains longwave radiation from the sky, as well as reflected and emitted
longwave radiation from other elements. In the case of a building wall, the

model follows Eq. (24):
LdownB(iZ) = Fsky—>B(iz)Lsky + ij:lFSB(jz)aB(iz) {(1 - gB)LSB(jZ) +

4 ) 4
SBU(TSB(jz)) } + X jz=1FRr(jz)~B(iz) {(1 — ep)LR(jz) + <€RU(TR(jz)) } +
Fgop(int(1 — &6)LG(jz) + eco(Tg)*} + Fyopint(Q — ew)LW (jz) +

ewo(Tw)*} + Xjz=1 Fv(jn-p(in {(1 — &)LV (jz) + SVU(TV(jz))4} (24)

Ly, E(iz) is the reflected and emitted longwave radiation from E(iz) and

depends on its emissivity by Eq. (25).

LupE(iz) = (1 — £5)LE(i2) + £50(Taz)” (25)
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2.2.2.4.3. Pedestrian MRT

MRT is calculated from the radiation from the urban elements surrounding
a pedestrian. In this model, the urban elements include two walls (sunlit and
shaded), two roofs (sunlit and shaded), two sidewalks (sunlit and shaded), a
road, and the sky. These elements reflect direct and diffuse shortwave
radiation and emit and reflect longwave radiation, which are summed using
Eq. (26) from Matzarakis et al. (2010). The diffuse shortwave radiation is

included in K,,,,E (i).

B 0.25
MRT = E{ noF (LEup ) +& K“Zj“)) + & K‘;P}] —27315  (26)

where & is the absorption coefficient, and &p is the emissivity of the
pedestrian, which has standard values of 0.7 and 0.97 (Lindberg & Grimmond,
2011).

2.2.3. Model output tests

The study conducts three tests to evaluate the accuracy and application of
the MMRT model: view factor evaluation, probability density profile
evaluation, and a tree variable sensitivity test. For the latter two tests, this
study selects the 244th day of the year (DOY, 1 September) in 2017 in an E-
W street in Seoul (126.9658, 37.57142) as the tested area. 244 DOY was a

- 23 -



clear day without cloud and did not have rain back and forth. It also had high
irradiance that led to lower thermal comfort. A street with an E-W orientation
is used because N-S streets are mostly covered by building shade during the
day and cannot show the difference between sunlit and shaded sides and the
effect of the tree shade. The sensitivity test uses data from 1000-1600 LST,
which is the period when a pedestrian experiences outdoor heat stress (Lee et
al., 2013). Therefore, comparing MRT under sunlit and shaded areas is
appropriate at this time. Table 1 shows the input data for the tests. This study
selected 5, 1 m as the vertical layer thickness of building and tree, which can
reflect vertical variance. Hence, these thickness is controlled by vertical

variety of the study site.

Table 1. Input data for the model output tests.

Geometric | Geome | Street Buildin | Sidewa | Road Buildin | Tree Tree
data try orientat | g Ik width g vertical | crown
ion (°) | height | width vertical | layer width
layer thickne | cw (m)
thickne | ss Azt
ss Az | (m)
(m)
value 90 25 10 25 5 1 5
Meteorologi | LST 1000 1100 1200 1300 1400 1500 1600
cal data Air 24 25.7 27.2 27.2 28.8 28.8 294
temper
(1000-1600 ature
LST) (*C)
Dew 11.6 11 10.8 11.6 11.8 13 12.7
point
temper
ature
(*C)
Cloud 0
fraction
Wind 0.5
speed
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[ (ms) |

2.2.3.1. View factor evaluation

A key part of the simulation new model is the calculation of the view
factors using MCRT. This study validate these view factors using analytically
calculated view factors for two cases that cover all the view factors in the
model: adjacent lines at 90° and parallel lines (Fig. 6). This study adopted
Howell’s method for the analytic calculation (Howell, 1982). Orthogonal
lines represent walls and sidewalks, whereas parallel lines represent areas
between walls or the sky and sidewalk. First, the line length is set to 5 m. The
height-to-width ratios are then changed from 0.2 to 6 in increments of 0.2.
This study changes the number of rays (100, 1,000 and 10,000) to determine
appropriate ray numbers for the model. These numbers are commonly used

when verifying ray numbers (Z.-H. Wang, 2014).

(a) (b)

A

w w

Fig. 6. Two orientations used for view factor validation: (a) orthogonal and (b) parallel.

2.2.3.2.  Multi-layer variable evaluation
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The advantage of the MMRT model is its ability to estimate MRT in an
urban canyon with various building and tree probability density profiles. To
the best of the authors’ knowledge, only ENVI-met can accurately estimate
MRT in the complex canyon with various building and tree heights (Lee et
al., 2016). ENVI-met uses 3D input data to consider diversity. Meanwhile,
the MMRT controls the probability density profile for vertical heterogeneity.
This study evaluates these variables by controlling them in three cases (Fig.
7). For the building walls, case B1 is an urban canyon with 15 m buildings;
case B2 is an urban canyon with 25 m buildings; and case B3 is an urban
canyon with equal numbers of 15 m and 25 m buildings and without trees.
For the trees, case T1 is 10 m tall trees; case T2 is 15 m tall trees; and case
T3 has an equal number of 10 m and 15 m tall trees in one canyon. The
building height in all three tree cases is 25 m. This study compares MRT
between case 3 and the average of cases 1 and 2, which demonstrates the

suitability of the density profiles.
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(a) Building density (BD) case

Ig Case Bl: 0~15 m BD=1
v ‘g Case B2: 0~25 m BD=1
3
‘u Case B3: 0~15 m BD=1
= _ i  — f = A 15-25 m BD=0.5
(b) Tree density (LAD) case FIS Case T1: 5~10 m LAD=1
3

- -‘; Case T2: 5~15 m LAD=1
3

= Case T3: 5~10 m LAD=1
3 10~15m LAD=0.5

25m
Il
|

Fig. 7. Cases for the multilayer variation evaluation: (a) building cases B1-3 and (b) tree
cases T1-3. The density (BD, LAD) varies depending on the case.

2.2.3.3.  Tree variable sensitivity test

An MMRT model is good for manipulating tree parameters in addition to
urban form and materials. For example, the shading effect of a tree is known
as an effective MRT mitigation factor by reducing the shortwave radiation
(Holst & Mayer, 2011; Kantor, Chen, et al., 2018; Konarska, Lindberg,
Larsson, Thorsson, & Holmer, 2014; Lee et al., 2013, 2016). Therefore, the
model’s response must be checked by changing the main tree variables: tree
height and LAD profile. This study can explore the effect of the tree planning

strategies for the pedestrian radiation heat flux.

The LAD profile taken for the sensitivity test ranges from 0 to 1 with 0.25

intervals when the average tree height is 10 m. A tall street tree with 10 m

'27' ,:_'\_- = =
-':rwﬁ-: -I|_|' 1_.l| '.-'.!_ '|'|'I_



interval usually has 0.3 LAD. The average tree height is then changed from 6
m to 15 m (the tree crown starts at 5 m (Fig. 7)) in 1 mintervals. The LAD is
fixed to 0.5 when the height is examined. Although the model assesses two
sides of the pedestrians’ MRT, this study focuses on the non-shaded side

because it demonstrates the variation of MRT depending on the tree variables.

2.3. Results and discussions

2.3.1. Model output tests

Fig. A.1 shows the global radiation on 244 DOY, 2017. The modeled and
measured global shortwave radiation showed difference. From 900 to 1500
LST, the measured radiation was greater than the modeled radiation. However,
from 1500 to 2000 LST, the measured radiation was smaller than the modeled
amount. The K modeling equations are from Allen et al. (1998) and developed
in Italy. The error probably derives from the local difference. The
environment surrounding the measured point affected the field data. In urban
areas, buildings and obstacles create and influence shortwave radiation and
lead to different model values (Gros, Bozonnet, & Inard, 2011). These
findings should be further developed for accurate MRT results. However, the
modeled and measured radiation trends closely resemble each other. The
shortwave radiation reaches its maximum value at 1300 LST, then sharply
drops after 1500 LST. In contrast, the global longwave radiation does not

change much during the day because only small differences exist in air
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temperature, which affects downwelling longwave radiation.

Total computing time is up to the sub functions: direct shortwave radiation
and view factors. Computing time of view factors was 1062 s. Computing
time of direct shortwave radiation varied with sun angle, and it ranged 10 to
16643 s. The total computing time of output tests (24 hours) was 45255 s. It

can be reduced according to the ray movement method in the future.

2.3.1.1. View factor evaluation

As shown in Fig. 8, accuracy increased when the number of rays were
increased. The simulation with 100 rays had a relatively larger RMSE (0.058
for the orthogonal lines and 0.050 for the parallel lines). Likewise, the results
with 10,000 rays were fairly accurate compared to the analytical solutions
with RMSEs of 0.005 (orthogonal lines) and 0.010 (parallel lines). In other
words, 10,000 rays are sufficient to simulate accurate view factors in the
model. Previous studies also confirmed that 10,000 rays result in negligible

discrepancy (E. S. Krayenhoff et al., 2014; Z.-H. Wang, 2014).

-29 -



(a) (b)

06 0.9
08
0.5 0.7
04 0.6
05 Ray number= 100
03 0.4 RMSE= 0.050
0a Ray number= 100 03
RMSE= 0.058 02
0.1 0.1
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0.6 0.9
0.5 08
0.7
0.4 0.6
0.5
03 04 Ray number= 1,000
oa Ray number= 1,000 03 RMSE= 0.015
’ RMSE= 0.014 0';
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01
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02 06 1.0 1.4 1.8 2.2 2.6 3.0 34 38 42 46 50 54 58 02 06 1.0 14 1.8 2.2 2.6 3.0 3.4 38 42 46 5.0 54 58
0.6
0.9
0.5 08
0.7
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05 Ray number= 10,000
0.3 - -
Ray number= 10,000 04 RMSE= 0.010
02 RMSE= 0.005 03
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0.1 o1
g F————————————————————————— —_—
0.2 0.6 1.0 1.4 1.8 22 2.6 3.0 3.4 3.8 42 4.6 50 54 58 02 06 1.0 1.4 1.8 2.2 2.6 3.0 3.4 3.8 42 46 5.0 54 58

——Analytic calculated ~ —— MCRT

Fig. 8. Simulated (grey) and analytic (black) view factors. The left column shows adjacent
lines at 90°. The right column shows two parallel lines. The X axis is the ratio of h and w.

2.3.1.2.  Multi-layer variable evaluation

First, this study compared MRT results for varying buildings’ probability
density profile. In the building case (Fig. 9,) the average values of cases B1

and B2 and case B3 were similar, with a correlation R2of 0.9966 and 0.9968.
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Hence, this study can estimate the pedestrians’ MRT using the suggested
multilayer model, especially for streets with diverse building heights. Some
error occurred at 900-1500 LST in the sunlit area and from 1000 to —1400
LST in the shaded area. These errors came from the simulated shortwave
radiation, especially for the building walls. The absorbed shortwave radiation
by the shaded building walls tended to be overestimated in case 3, whereas

the reverse was true for the sunlit walls.

For the tree case, the correlation coefficients between the average value of
cases T1 and T2 and case T3 were statistically significant at 99.98% and
99.99%, respectively, showing that the tree LAD profile variable worked

correctly.

Although this validation was limited to one scenario, the density profile
can be divided in detail, making it possible to accurately represent the average
radiation and MRT conditions along a street canyon with variable building

heights with a single 2D geometry.
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Fig. 9. Comparison of the average MRT in cases 1 and 2 and MRT in case 3. The X axis

shows the mean time of day, while the Y axis denotes MRT. In the results in boxes, the X

axis is MRT of case 3, while the Y axis denotes the average MRT of cases 1 and 2. The

result of 1 September 2017.

2.3.2. Sensitivity test

MRT is calculated by summing up all the short and longwave radiation
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flux densities from the 3D environment of pedestrians that are absorbed by
them and greatly affected by the direct shortwave radiation. For this reason,
this study compared two pedestrians on the sunlit and shaded (caused by
buildings) sidewalks. During the 1000-1600 LST, only from 1000 to 1400
LST, the sunlit side pedestrian was completely out of the building shadow
and MRT reduced by tree. On the other hand, the shaded side pedestrian was
in the building shadow and had lower MRT. Both pedestrians were under the

building shadow from 1400 LST.

This study then compared the results of the LAD scenarios. MRT on the
sunlit side showed large decreases with the increasing LAD. The decrease of
MRT caused by trees was largest in 1300 LST due to largest reduction in
shortwave radiation. MRTs decreased by 2.7 °C (in shaded areas) and 23.1 °C
(in sunlit areas) in 1300 LST (Fig. 10a) when the LAD increased from O to 1,
which was very similar to the measured value from Kantor, Chen, et al. (2018).
Fig. 10a shows that even if the profile density was large, a tree’s shadow
effect was less than that of the building shade, indicating that the shade on the
sidewalks from the buildings and facades was crucial for reducing the
pedestrians” MRT (Kantor, Gal, et al., 2018). The MRT reduction caused by

trees was minor if the shadows from buildings already existed.

The MRT decrease was caused by the reductions of both shortwave and
longwave radiations, although the reduction of the shortwave radiation was
larger (Fig. 10b). At approximately 1300 LST on the sunlit side, the

shortwave radiation decreased by 266 W/m2 Almost all decreases were
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caused by the reduction of the shortwave radiation from the sky, especially
the direct solar radiation (Fig. 11a). The reduction from the sky increased
when LAD increased, and was large in 1100-1300 LST. The reduction from
the other elements was relatively small. The shortwave reduction from the
sidewalk and the building wall was up to 15-20 W/mZ2(Figs. 10b and c). The
reduction form wall was high in 1000 and 1600 LST when the shortwave
radiation of the wall was low because of the tree shadow. The reflected
shortwave from the sidewalk and walls also decreased, and the shortwave
radiation reflected from the tree slightly increased. As for longwave radiation
changes (Figs. 10d, e, and f), the amount coming from the sky and sidewalks
decreased, but the longwave radiation from the trees offset these values

increased.

The LAD profile can be controlled by tree species or spacing. For example,
the street on which Zelkova serrata were planted at 10 m intervals had 0.3
LAD in the lower part and 0.15 in the upper part. MRTs could be lowered if
the tree was changed to a denser-leaved species, or the spacing between the

trees was reduced.

Previous research found that high LAD reduced shortwave radiation in an
urban area. Takebayashi et al. (2014) found that trees reduced the shortwave
radiation by 300 W/m=2(50% of original) with a 6 m interval between trees.
This effect was further lowered by more than 100 W/m2when the interval
was 12 m. Similar with LAD, many previous studies emphasized the effect

of LAI for reducing the shortwave radiation flux. A previous study found that
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when the LAI increased from 2 to 6, the shortwave radiation reduction

increased from 40 to 160 W/m2 which was the maximum amount between

1200 and 1400 LST (Morakinyo & Lam, 2016; Ryu et al., 2016).

Fig. 10.
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1). (a) MRTs under both sunlit and shaded area. (b) and (c) show the radiation reduction in

the sunlit area. The result of 1 September 2017, 1000-1600 LST.
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(a) Shortwave radiation reduction from sky (b) Shortwave radiation reduction from sidewalk (sunlit) (c) Shortwave radi

ation reducti

ction from wall (sunlit)

(d) Longwave radiation reduction from sky (e) Longwave radiation reduction from sidewalk (sunlit)

(f) Lon
P o i i il

Fig. 11. Radiation reduction from the sky, sidewalk, and wall changed by the LAD

ngwave radiation reduction from tree (sunlit)

scenarios (0.25, 0.5, 0.75, and 1) in the sunlit area. (a) Shortwave radiation reduction from
the sky, (b) from the sidewalk, and (c) from the wall. (d) The result of 1 September 2017,
1000-1600 LST.

This study also conducted a sensitivity test for the tree height. The tree
height scenario results were similar to the LAD scenario results: MRTs
decreased as the tree height increased, and the decrease of MRT was the
largest in 1300 LST. MRTs decreased by 3.6 °C (in the shade) and 19.2 °C
(in the sunlit areas) in 1300 LST (Fig. 12a) when the tree height was 15 m.
The taller the tree, the more MRT decreased. Note that MRT did not decrease
much after 12 m because 12 m trees already fully shaded the pedestrian area
and blocked the direct shortwave radiation from the sky (Figs. 11b and 12a).
Thus, this height threshold can be varied by the sidewalk width or tree

position.

This MRT reduction was caused by the shortwave radiation (Fig. 11b). At
approximately 1300 LST, the reduced shortwave radiation from the sky

reached 189 W/m?, which was larger than the other elements’ contributions

- 36 -

A& gk



(sidewalks: 13.9 W/m3. The increased shortwave radiation reflected from the
trees was negligible. As shown in Fig. 12c, the longwave radiation reduction
gradually increased with the tree height increases. However, the amount of
longwave radiation reduction was smaller than the shortwave reduction
because of the emitted longwave from the trees (Fig. 13f). The reduced
longwave radiation emitted from the walls was larger than the results of the
LAD scenario, as indicated by the fact that taller trees can play an important
role in preventing the longwave radiation from the ground. M. Wang, Chang,
Merrick, & Amati (2016) asserted that tree height is an important factor
because it showed a significant relation with the solar radiation reduction.
Ryu et al. (2016) and E. S. Krayenhoff et al. (2014) also found that higher
trees have great potential to mitigate urban heat by intercepting more
radiation on the ground. However, note that taller trees can exert drag on the
airflow in the urban canopy (E S Krayenhoff, Santiago, Martilli, Christen, &
Oke, 2015), with potential implications for surface temperatures not included

here for simplicity.
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Fig. 12. MRT and radiation density changes by the tree height scenarios (0, 6, 9, 12, and 15
m). The cases in (a)—(c) are the same as those in Fig. 10.
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Fig. 13. Radiation reduction from the sky, sidewalk, and wall changed by the tree height
scenarios (6, 9, 12, and 15 m) in the sunlit area. The cases in (a)—(f) are the same as those in

Fig. 11.
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This sensitivity test focused on 1000-1600 LST on 244 DOY with a
specific urban form and pavement. These factors were very specific; hence,
our results were difficult to generalize. However, our model showed skill in
the estimation of the MRT variation with major factors affecting the

pedestrians’ radiation heat flux.

2.3.3. Model limitations and future development

An accurate estimation of the shading and surface temperature is the most
important term in predicting MRT. Estimating the surface temperature relies
primarily on shortwave radiation and reflection, which MMRT treats very
accurately, and, secondarily, on the conductance of each of the energy
dissipation mechanisms. Conductance relates to latent heat, sensible heat, and
storage heat in the substrate. As regards the latent heat, the model used herein
a very large Bowen ratio to make the latent heat very small. This needs an
assumption for the model: the surface must have been dry at least for a day.
In accurately calculating the sensible heat, the wind speed near the surface
should be estimated. Some previous research estimated the wind speed using
complex approaches, such as 1D turbulent diffusion models (E S Krayenhoff
et al., 2015) or CFD approaches (Bruse & Fleer, 1998). However, this study
aim to build a new model that reasonably estimates MRT without this
computational expense. Therefore, this study assumed that the wind speed at

the pedestrian level was constant. Nevertheless, the MMRT represents
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radiation transfer, particularly with respect to its attenuation by trees, with an
equal or higher fidelity approach than taken in other models, including a CFD.
Finally, the storage heat was calculated using OHM equations; however, it
could be represented in a more physical manner by including a multi-layer
conduction model, which would be part of the future work. This study
considers the three final conductance: modifications that could be made to the
surface energy balance equation to more physically represent other heat
dissipation mechanisms, as secondary to the estimation of MRT of a

pedestrian, provided they are reasonably well represented.

The model used a constant value of air temperature, dew point temperature,
and wind speed within a street canyon, which can lead to an incorrect result
for higher values of H/W. However, these assumptions are made in most
urban canopy models, for example, in RayMan and SOLWEIG models.
ENVI-met presents the only model that claims to represent the spatial
variation of these terms within the canopy in 3D, but it requires extensive
computational resources and setup time, and has limitations with respect to
its representation of trees, which is the core objective of the current work.
Therefore, the current version of the MMRT is likely to be less reliable for

higher H/W values. This limitation can be developed in the future work.

2.4. Conclusion

This study proposed an MMRT model for estimating MRT of pedestrians
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in a street canyon. The advantage of the model is that it simulates radiation
transfer in a complex urban street with equal road width and randomly
ordered building height using simple input data. This model uses the MCRT
method for view factor determination and includes the probability density
profile to consider the vertical heterogeneity of urban areas. This study also
verified the effectiveness of these methods. The MCRT evaluation showed
little RMSE (0.005, 0.01) with 10,000 rays per model element. This number
provided sufficient model accuracy. This study also evaluated the
probabilistic density profile variable to representing buildings and tree leaves
by comparing it to the average of its constituent (non-probabilistic) density

profiles. Our results indicated that the probabilistic approach was suitable.

The MMRT model was optimized to calculate the pedestrian MRT and
inform street design. The shading effects of trees can be assessed using this
model. This study conducted a sensitivity analysis by modulating the LAD
and the tree height, and for a particular summer scenario considered, the
model indicated that MRT of a pedestrian in the sunlit area can be reduced by
approximately 23 °C in 1300 LST. The LAD increased to 1 m2 m—3 from 0
m2 m—3 and 18 °C as the tree height increased from 6 m to 12 m in 1300 LST
mainly because it reduced the solar radiation from the sky. The study
calculated the effects on MRT not only from the tree variation, but also from

the changes to urban form and pavement.

Although the MMRT model has many advantages, it is still in

development and can be further improved. Estimating the surface temperature
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can develop a more complex and accurate method. Model evaluation with
field measurement and simulated results should be performed in addition to
the model verification performed. These results provided helpful guidelines
for designing thermal-friendly streets based on urban form, pavement, and

trees.
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1. CHAPTER 2: Variations in pedestrian mean
radiant temperature based on the spacing and size
of street trees

3.1. Introduction

Urban areas are projected to warm as a result of climate change and urban
development (Scott Krayenhoff & Voogt, 2016; Stewart & Oke, 2012). In
this context, it is increasingly important that urban areas be designed to offset
high summertime temperatures. Increased built surfaces at the expense of
vegetated surfaces modifies the radiation balance and increases sensible heat
flux, which cause a negative effect on people, including: discomfort, lower
productivity, and heat-related diseases (Brown et al., 2015; J. Wang et al.,
2015). Some street canyons contain pedestrians who are particularly
vulnerable to increased urban heating. Most streets are made of impervious
surfaces and little vegetation. Also, cars and buildings are anthropogenic heat
sources. Consequently, urban planners are considering heat mitigation
strategies to prevent further increases in urban heating on streets. Critically,
pedestrian thermal exposure depends on several factors in addition to air

temperature, in particular the radiant environment in urban street canyons.

Many heat mitigation strategies are used in existing urban areas, including
converting impervious surfaces to cool or permeable surfaces, providing

water bodies, increasing the amount of vegetation, and green infrastructure
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(Dimoudi et al., 2014; L. Kong et al., 2017; Lee & Mayer, 2018b; Rizwan et
al., 2008; Rosso et al., 2018; Takebayashi et al., 2014; Tominaga et al., 2015;
Zoras et al., 2014). Increasing the amount of vegetation, particularly trees, is
a well-known strategy to effectively reduce urban heat (Lee & Mayer, 2018a;
Leeetal., 2016; Z6lch, Maderspacher, Wamsler, & Pauleit, 2016). Increasing
vegetated area helps address a root cause of urban warming (Norton et al.,
2015). In addition, it can provide diverse ecosystem services, such regulating
stormwater and absorbing carbon, which make cities more resilient to climate
change (Foudi, Spadaro, Chiabai, Polanco-Martinez, & Neumann, 2017;
Maria Raquel, Montalto, & Palmer, 2016). For these reasons, urban planners

often opt to plant trees as a heat mitigation strategy (Z. Wu & Chen, 2017).

Planting trees mitigates urban heat by two methods: providing a shading
effect and converting solar radiation to latent heat flux through transpiration
(Konarska et al., 2016; Rahman, Moser, Rotzer, & Pauleit, 2017; Zolch et al.,
2016). Trees directly reduce the incident radiation on surrounding surfaces by
shading (M. Wang et al., 2016). And trees intercept sunlight energy and use
it for transpiration, which cool leaves and the surrounding air compared to
built surfaces especially at midday (David Armson, Rahman, & Ennos, 2013).
Although both effects are important for reducing urban heat, the shading
effect represents the majority (80-95%) of the air temperature cooling at the
micro scale (L. Shashua-bar & Hoffman, 2000; Zardo, Geneletti, Pérez-soba,

& Eupen, 2017).

The cooling effect of trees, especially their shading effect, has been
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recently investigated during the last decade. Tree shade reduced solar
radiation up to 76~93 % during summer (Abreu-Harbich et al., 2015; Holst
& Mayer, 2011).This radiation reduction improved thermal comfort. During
the day, reduced radiation flux resulted in physiologically equivalent
temperature (PET) reduction from 0.84 to 17.5 K (varies depending on
species) during the day (Abreu-Harbich et al., 2015).

Even though many previous studies have reported the cooling effect of
trees, they have not provided specific design parameters that can be applied
to urban planning. Some studies have measured the reduction of urban heat
due to trees at specific field study sites (D. Armson, Stringer, & Ennos, 2012;
Klemm, Heusinkveld, Lenzholzer, & van Hove, 2015; Lee et al., 2013).
However, these results are limited to the study site and are difficult to apply
to other areas. Other studies have used numerical simulations to confirm that
larger and denser trees are more effective at intercepting radiation, reducing
sensible heat flux, or mitigating urban heat (E. S. Krayenhoff et al., 2014;
Morakinyo & Lam, 2016; Ryu et al., 2016). Solar radiation interception (and
therefore effective heat mitigation) of trees typically increases as the leaf area
index increases (E. S. Krayenhoff et al., 2014; Morakinyo & Lam, 2016; Ryu
et al., 2016) and as tree height increases (E. S. Krayenhoff et al., 2014; Ryu
et al., 2016). These results are also difficult to apply to urban planning
because the urban planner must select trees within limited space and budget,
which are relatively fixed parameters. However, when provided with a range

of options and evidence for optimal tree size and tree tree spacing, planners
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have more relevant information in terms of tree-planting decisions.

Moreover, applying the results of previous studies to urban planning is also
difficult because most studies report the cooling effect of trees for limited
times or days. They suggest that their results can represent the hottest days of
the year (Lee & Mayer, 2018a; Lee et al., 2016; Lee, Mayer, & Kuttler, 2018;
Taleghani, Tenpierik, Dobbelsteen, & Sailor, 2014; Zolch et al., 2016).
However, such days occur only a few times a year, which makes planning
based on these infrequent conditions risky. Research should evaluate the

cooling effect of trees over the entire summer period.

The purpose of this study is to determine how effectively trees reduce
pedestrian exposure to radiation during the summer, depending on the spacing
between trees and size. The mean radiant temperature (MRT) is used as the
metric for assessment of the thermal impact of trees. MRT is one of the most
important variables for assessing thermal comfort, and integrates exposure to
shortwave and longwave radiation in a three-dimensional environment (Holst
& Mayer, 2011; Lee et al., 2013; Thorsson et al., 2007). To reflect the total
period during which heat stress could be a problem (Holst & Mayer, 2011;
Lee & Mayer, 2018a, 2018b; Lee et al., 2016), this study uses the average
reduction in MRT during the period 10:00-16:00 LST from June to August
(for days with a cloud fraction of less than 50%). MRT was simulated by
changing the tree spacing incrementally. Four types of trees and two street
types were used to evaluate various tree and street sizes. The main research

questions of this study are as follows:
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1) How does the reduction in pedestrian MRT due to street trees vary

depending on the spacing between trees?

2) How does the reduction in pedestrian MRT due to street trees differ

depending on the tree size?

The hypothesis testing was done with two types of streets. The results of
this study fill the gap between the researches on the cooling effect of trees. It
can provide the insight into optimal configurations of street trees. It will help
urban planning mitigate radiation exposure by providing data on both spacing,

size and their radiation absorption processes.

3.2. Methods

3.2.1. Research flow

This study is simulation-based, with the MMRT model used to assess
pedestrian MRT. The average reduction in MRT, given variations in spacing
between trees and sizes, is calculated; nine scenarios are investigated by
changing the tree and street sizes (No trees + 4 tree sizes X 2 street sizes) and
this study changes the spacing between trees in each scenario (Fig. 14). From
MRT reduction results, this study discusses the appropriate tree spacing and
size. Also this study mentions the reasons for variations in MRT due to tree
size by examining the reduction in incident radiation on the pedestrian from

the urban elements.
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Fig. 14. Flowchart of the study.

3.2.2. MMRT model

3.2.1.1.  Model domain and assumptions

This study aims to determine the variations in MRT due to trees in a street
canyon. The study site is a 100 m street on one block. In the MMRT model,
the 3D street canyon is compressed into a 2D based on the following
assumptions. (1) The size, spacing, and planting location of the trees are
uniform throughout the block. (2) There is no anthropogenic heat flux, and,;
the model considers only shortwave and longwave radiation from urban
elements, including the sky, and their reflections. Estimating anthropogenic
heat flux in a micro scale is difficult because of its variation. Moreover
anthropogenic heat flux differs from, and is unlikely to substantially affect,

radiation flux (Jarvi, Grimmond, & Christen, 2011); (3) pedestrians
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(represented as a 2 m line) walk in the center of the sidewalk; (4) the street is
oriented E-W (90 degrees), pedestrians walk center on the S-facing street (the
N-facing sidewalk of the street is in the shadow of the buildings, thus there is

little shading effect from the trees).

3.2.1.2. Fundamentals of the MMRT model

The MMRT model developed based on a multi-layer urban canopy model
geometry and the calculation method is derived from Krayenhoff et al. (2014),
Allen et al. (1998), and Matzarakis et al. (2010). After calculating view
factors, solar radiation and longwave radiation from each element and
radiation received by the pedestrian are calculated at each hour. This study
aims to reveal the variation of shading effect using the MMRT model. Before
applying the MMRT model, this study validated this model with measured
MRT (Appendix B).

3.2.1.3.  Cooling effect of trees

Trees reduce pedestrian exposure to radiation in two ways. Trees reduce
radiation incident on pedestrians from sky and urban elements (i.e. buildings,
roads, and artifacts). Also trees shade nearby surfaces; as a result, the surface
temperature of the latter decrease, as does the amount of longwave radiation

that the pedestrian is exposed to. The shading effect plays a key role in
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reducing the MRT of pedestrians in a street. In the model, MRT is calculated

using Eq. (26)

Where the E(i) are the urban elements, including building walls, roofs,
sidewalks, roads, trees, and the sky; and the Fg(;_p are the area-weighted
view factors from E to the pedestrian, P. L,,E and K,,E are incident
longwave and shortwave radiation from E, and Kj;,-P is the incident direct
shortwave radiation from the sky (W/m2). &, is the absorption coefficient

(0.7) and ¢, is the emissivity of the pedestrian (0.97).

Before calculating the MRT, shortwave and longwave radiation leaving
each element must be calculated. To evaluate longwave emission, surface
temperature is calculated based on assumed surface Bowen ratio and
calculated storage heat flux (Matzarakis et al., 2010). The storage heat flux is

determined using the OHM model (Grimmond & Oke, 2002).

Trees intercept radiation differently compared to solid objects in the urban
environment. They prevent incident shortwave and longwave radiation
arising from other urban elements (walls, sidewalks, road, and the sky) from
reaching pedestrians and nearby surfaces. As incident radiation reaches the
tree canopy, a certain amount of it is blocked until the radiation passes out.

The ratio of intercepted energy is expressed by Eq. (27).

Tree intercepted fraction = 1 — exp (—KDSQLAD %) (27)

Where K, is the extinction coefficient of the leaves and 2 is the

clumping factor. The clumping factor ranges from 0 (clumping leaves) to 1
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(random distribution) to generate differences in the probability of radiation
being intercepted (Q. Chen, Baldocchi, Gong, & Dawson, 2008; E. S.
Krayenhoff et al., 2014). As the aim of this study is to determine the shading
effect of trees depending on the spacing between trees, the average density of
the tree canopy in a (100 m) street is assessed according to the space between
trees (= w/x) (Fig. 15). The tree canopy is simplified as a box, and the leaf
area density (LAD, m2/m3) and clumping factor of each tree layer are defined
as having values of 1. Assuming a spherical leaf angle distribution, the

extinction coefficient is set at 0.5 (E. S. Krayenhoff et al., 2014).

building pedestrian’s path

tree crown width (w) sidewalk

(sidewalk width)/2

tree height

sidewalk width

Fig. 15. Tree input variables for the model (left: side view, right: top view).

The process of interception reduces MRT of the pedestrians. However,
trees can also increase the exposure of incident radiation to the pedestrian by

emitting longwave radiation (Fig. 16).

Longwave radiation emitted from trees = (1 — ;) LTree +

STG(TTree)4 (W/m 2) (28)
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This process is modeled using Eqg. (3). er is emissivity of trees and o is
Stefan-Boltzman constant (5.67x10-8 Wm-2K-4). LTree and Ty,... is the
incident longwave radiation to the tree and tree surface temperature (W/m2).
Some of the incident radiation striking the tree is reflected to the area
surrounding it (Fig. 16). Depending on the direction in which it is reflected,
it can either lower MRT or increase it. More information on radiation transfer
methods employed in the model can be found in E. S. Krayenhoff et al. (2014)
and Park et al. (2018).

emitted longwave radiation

N-facing wall S-facing wall

N-tfacing sidewal
— intercept (MRT -) emitted (MRT +)

S-facing sidewalk

reflect (MRT +/-)

Fig. 16. Radiation processes of a tree and their effect on MRT in the street canyon.

3.2.3. Model parameters

3.2.3.1.  Simulating scenarios
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The purpose of this study is to determine how the reduction in MRT varies
depending on the spacing between trees. However, the former is also affected
by tree size. Four classes of tree size were identified using tree data on the
streets of Seoul (data.seoul.go.kr). The tree height and canopy width were
averaged within each class. Actual street sizes (road width, sidewalk width,
and building height) are very diverse and difficult to classify. Two street types
were selected to represent medium- and large-sized streets, assigned as widths
of 15 and 30 m, respectively, in the model. The general width of the sidewalk
and heights of the buildings corresponding to the two streetscapes were

defined using aerial images of Seoul.

MRT was simulated eight times using these tree and street canyon types.
In each simulation, the spacing between trees is increased 1 m from the
minimum value (= w). As the MMRT model uses a 2D domain compressed
from a 3D environment, the spacing between trees ( x) is considered in the

percentage of tree canopy (w/x).

3.2.3.2.  Input variables

The input data for the MMRT model were classified into 4 categories: date
and time, latitude and longitude, meteorological data, and geometric data. The
date and time data was related to the study temporal range: 10:00-16:00 LST
on clear days (cloud fraction under 50%) during June—August, 2017. The

number of days satisfying the condition was 21 (Table 2). Each change in the
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date and time results in a change in the solar angle. Using data from the Korea
Meteorological Administration, clear days were selected, and corresponding
air temperature and dew point temperature were used for the meteorological

data input (Table 2).

Table 2. Meteorological data for the MMRT simulation (10:00-16:00 LST, June—August,

2017).
Clou ) ]
d Air temperature (°C) Dew point temperature (°C)
Date | fracti
(DO on
Y) 1(80 10|11 (12 |13 | 14 |15 | 16 | 10 | 11 | 12 | 13 | 14 | 15 | 16
%)
21. | 22. | 23. | 24. | 25. | 25.
153 225 3 8 6 3 3 4 24 2 05|34 |18 2 33|67
21. | 22. 24. | 25. | 26. | 26.
154 22.5 3 3 24 6 1 5 4 82|64 |58|48 |47 |57 |64
23. | 25. | 26. | 26. | 27. | 27. | 27.
155 175 7 1 4 8 3 8 8 3536|3532 3 | 53|53
20. 23. | 24. | 25. | 25. | 24. | 13. | 14. | 13. | 13. | 10. | 12. | 13.
159 215 4 22 3 7 5 5 6 8 6 7 2 8 6 1
162 1.3 2;' 26 227' 28 | 28 Zf' 23' 56 |49 54|36 |22|25]|52
22.123. | 24. | 25. | 26. | 26. | 26. | 12. | 14. | 13. 12. | 12. | 11.
165 25 5 7 6 9 6 8 7 7 1 4 13 6 8 9
22. | 24. | 26. | 28. 29. | 28. 14, | 13. | 13. | 11. | 12. | 12.
166 6.3 7 5 6 6 29 4 8 15 5 6 6 9 7 6
27.129.|30.|32. (32, |31 |16.|14. | 13. | 14. | 14. | 13. | 16.
6710 1266 | 5 | 3| 1|6 | 7|29 8|3 |2]|7]a4
168 0 25.126. | 27.|28.(28.|29. |29 |13. | 13. | 13.| 14. | 12. | 11. | 10.
1 6 9 4 5 2 6 9 3 7 6 7 2 6
169 13 25. | 27.128.]30.|31. |31 |30 |12 |10. | 10.| 10. | 10. | 11. | 12.
' 8 2 8 1 1 5 4 2 3 4 1 4 3 3
27. 1 27. | 29. | 30. | 31. | 30. 13. | 11. | 11. | 12. | 12. | 12. | 11.
2121545 g | 6 | g |5 |6 |0|a|7 1|18 4]0
25. | 27. | 28. | 29. 30. | 29. | 16. | 15. | 13. | 15. | 17. | 16.
1314715175 g | 5 | g|%0|1|6|3|1|0o|5|a|s |
28. | 30. | 30. | 32. | 33. 32. | 15. 15. | 11. | 12. | 16. | 17.
174 32.5 5 1 6 7 8 33 9 7 15 4 8 1 3 8
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181 | 425 217- 22*- 23- 23. 3;). 3;), 33?. 1;3. 12;. 13. 1§. 127. 1;. 18
6 | so | 26|25 |30 [3L 3L TR, g Te 20 19 1938 1o
201 | 313 2?' 311- 3 3}- 393- 3;1- Sg- 212. 25. 212. zg. 72 222. 25,
206 | 413 2?' 38' 32 | 33 35- 3:- 3;‘- Zé- 2&- 251. Zg. zg. 211. 22,
207 | 2338 288' 2:- 3 35}- 3;- 35- 372- 1;3. 1g. 1g. 13 13. Zf' 1;3,
20 | a75 | 2| 3032 [ 55 [0 a4 | g0 | 2|2 |2 (A 15|18
238 | 88 | 2|2 |7 |2 |28 2818 67,10 52|78 8985

The latitude and longitude were the location of the Seoul weather station
for the Meteorological Administration: 37.57° N, 126.97° E. Lastly, the

geometric data were determined by the defined tree and street sizes.

3.2.4. Calculating MRT reduction due to trees

To assess MRT reduction due to trees, MRT values in the scenarios with
trees were compared to the ‘No tree’ scenario, which had all the same input
data except for the tree variables. As the number of clear days (cloud fraction
of less than 50%) during the summer is 20, a total of 140 simulations (7 h for
each of 20 days) were conducted. Finally, this study calculates the average
amount of MRT reduction for a certain type by taking the mean over 140

times.

3.3. Results and discussions

3.3.1. Simulating scenarios
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3.3.1.1.  Tree and street sizes

Trees planted in Seoul have very diverse sizes. In this study, they were
divided into 4 classes (S, M, L, and H) based on tree height using the natural
breaks classification method. The tree height and tree width within each class
were then averaged. Detailed information regarding the four tree classes is
provided in Fig. 17. As this data is based on the current situation, most of the
trees in each class were planted years ago and have undergone management
such as trimming, but some were newly planted. This means that urban
planners should apply the results of this study carefully when planning to

plant new trees. They may need to consider the grown or managed size of tree.

3.3.1.2.  Street types

The streets in the city are divided into two sizes based on the road width:
narrow roads with a width of 15 m, and wide roads with a width of 30 m. The
sidewalk width and building height were defined as 5 m and 15 m for the
narrow street (h/w: 0.6), and 7 m and 25 m for the wide street (h/w: 0.57),

respectively.
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clear-bole length (m)* 2.4 3.8 5.7 8.6
tree crown width (m) 3 5 7 10

* clear-bole length = tree height x 0.4

Fig. 17. Parameters of the four tree classes.

3.3.2. MRT reduction

3.3.2.1.  Average MRT reduction

The average MRT reduction from the total study temporal range (10:00-
16:00 LST, June—August) was determined for all scenarios (Fig. 18). When
the trees are planted without spacing, MRT decreases by approximately 20.7—
33.7 K, which varies with tree size. For a tree spacing of 11 m on the wide
street, the average MRT reductions are 9.5, 20, 22.1, and 33.1 K on average
for tree types S, M, L, and H, respectively. Those amounts represent 19-67 %
of ‘No tree’ scenario (the average MRT is 322.9 K). These results
demonstrate the importance of trees for reducing MRT of pedestrians. These
results vary with the street size. For instance, type H trees reduce MRT by

23.5 K more than S type trees, which suggests that smaller trees need to be
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planted at closer spacing to reduce the same amount of MRT. The reason for

this difference between tree sizes is explained in the following section.
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M (narrow)
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M (wide)
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Fig. 18. MRT reduction depending on spacing between trees, tree size, and street size; the
line color corresponds to the tree size (S, M, L, and H), square dots correspond to the
narrow street and x-shaped points correspond to the wide street. The lower figure depicts
the location of street trees for a tree spacing of 11 m (wide street).

Regardless of the tree size and the street size, MRT reduction increases as

the tree spacing decreases (Fig. 18). Takebayashi et al. (2014) also reported
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that a narrower tree spacing could absorb more radiation. However, their
model only simulated four different spacing (6, 8, 10, and 12 m), which limits
its ability to explain the form of MRT reduction depending on tree spacing.
In this study, the reduction slope was calculated by subtracting MRT
reduction value for one tree spacing from that of the following spacing (i.e.,
the slope of the graph in Fig. 18). As shown in Fig. 19, the reduction slope
tends to increase as the spacing decreases for S and M size trees, indicating
that MRT reduction effect increases exponentially as the tree interval
becomes narrower. For the S type trees, the slope appears to increase
dramatically from the spacing of 10 m (1.7 for 3-7 m, 0.9 for 8-10 m). This
indicates that narrowing tree spacing of the range of 3-10 m is more effective
for reducing MRT than doing for the range of above 10 m range. As a result,
it is suggested to plant S size trees with an interval of at most 10 m, and the
smaller the spacing, the better. This change comes from the variation of
intercepted direct solar radiation by trees. However, in the case of M and H
size trees, the slopes don’t increase as the spacing decrease. The result came
from the initial shading of direct solar radiation. In the case of large trees,
even though they are spaced at wide spacing, they can block lots of amount
of direct solar radiation. Therefore, narrowing the tree spacing doesn’t
significantly increase MRT reduction compared with smaller trees. As the
tree size increases, MRT reduction slope does not vary substantially with the
spacing between trees. Because decreasing the interval has a similar effect at
any interval, a planner can choose the preferred tree spacing by taking into

account various other variables such as cost.
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The benefit of high tree density in a street canyon also appears in the
transpiration cooling effect as well as shading effect (Rahman, Moser, Gold,
Rotzer, & Pauleit, 2018). For this reason, when urban planners select a
smaller tree spacing or larger trees, both the shading effect and the
transpiration effect would increase and the total thermal benefit may be larger

than this study calculates in this study.

In this study, the analysis was based on fully-grown trees. However, tree
growth must be considered in any street planning exercise. When a planner
plants young trees, they should set the spacing between trees to account for
the potential for MRT reduction of fully-grown trees. Even smaller trees with

sufficiently narrow spacing will have larger effects in the future.
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Fig. 19. Average MRT reduction slope (K/m) for a certain ranges (3-7 m, 8-10 m, 11-15 m,
and 15-19 m). X-axis means the range of spacing between trees.
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Notably, there is no substantial difference between narrow and wide
streets for the E-W street (Fig. 18). First, it shows that the trees are more
important than the street geometry for reducing MRT of pedestrians on the S-
facing street. In other words, shade has the most significant impact on MRT
(Holst & Mayer, 2011; Mayer et al., 2008). In the same vein, shade from the
buildings is the most important factor for pedestrians on the N-facing street.
As the incident shortwave radiation plays a significant role in increasing the
amount of radiation exposure, blocking direct shortwave radiation with a
canopy can be the effective strategies for reducing heat (Lee et al., 2013).
Second, the two street sizes have a similar sky view factor (SVF). There is a
clear relationship between the SVF and urban thermal comfort during the
daytime (Ali-Toudert & Mayer, 2006; Coutts, White, Tapper, Beringer, &
Livesley, 2016; Lee et al., 2014). Pedestrians in a street canyon with a large
SVF are vulnerable to radiation exposure because of the high amount of

incident radiation from the sky.

3.3.2.2. Radiation contribution of urban elements to MRT

reduction

As previously mentioned, reducing the amount of incident radiation from
the sky with tree canopies is important for MRT reduction. To confirm this,
the reduction in the radiation incident on pedestrians due to urban elements

was calculated. The radiation reduction was averaged for tree spacing ranging
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from the minimum to +17 (the n for averaging is 18). Urban elements include
the sky, walls (S and N-facing), S-facing sidewalk, and road. The contribution
of the N-facing sidewalk and roof were ignored for MRT. As expected, the
radiation reduction from the sky accounts for 64—75% of the total reduction
and it appears largest in small trees (Fig. 20). In addition, the reduction in
shortwave radiation was larger than the reduction in longwave radiation and
the amount of reduction increases as tree size increases (Fig. 21). The
reduction in shortwave radiation mainly resulted from the trees intercepting
direct shortwave radiation. Trees can provide shades to pedestrians and
reduce the SVF to reduce their exposure to solar radiation. The effect of

providing shade and the SVF reduction effect increases up to the H size.

The next largest reduction in radiation due to the trees is that in the
radiation reflected off the S-facing wall and sidewalk (Fig. 20). This reduction
also increases as the tree size increases because of increasing the amount of
intercepted shortwave and longwave radiation. When trees are planted on the
street, they intercept the incident shortwave radiation to the S-facing wall and
sidewalk. This decreases the reflected shortwave radiation from the wall and
sidewalk. Furthermore, this interception can reduce surface temperature on
the nearby surfaces, thus reducing the emitted longwave radiation from the
surfaces. The reason why the longwave reduction is greater in the sidewalk

than in the wall is because the surface temperature of wall is higher.

The other elements are the N-facing wall and road, which are located

outside of the trees from the perspective of the pedestrians. Because of their
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position, trees can directly intercept radiation from the N-facing wall and the
road, especially the emitted longwave radiation. As shown in Fig. 21, the
amount of shortwave radiation is small, which means that already shaded
areas have a smaller contribution to MRT than sunlit areas. From the N-facing
wall, the longwave reduction increases with trees up to L size (with a height

of 14.3 m and timber height of 5.7 m), then decreases.

From the results for the walls (S and N facing), sidewalk, and road, it can
be concluded that although the processes of intercepting shortwave and
longwave radiation from the urban elements are different, the reduction

increases as tree size increases.
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Fig. 20. The reduced amount of radiation incident on pedestrians from 5 elements due to
trees. The ratio shows the percentage of each element occupied in the total reduction.
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Fig. 21. The reduced amount of shortwave (a) and longwave radiation (b) incident on
pedestrian from 5 elements and increased longwave radiation from trees (c).

Every element that has a surface temperature emits longwave radiation,
including trees, as shown in Eq. (3) (Fig. 21). This amount of radiation offsets
the reduction in shortwave radiation due to the trees (C. Y. Park et al., 2018).
For this reason, if trees are not providing shade on pedestrians, they cannot
reduce shortwave radiation and just emit longwave radiation and it could
increase MRT. Therefore, planner should be careful that tree can provide

shade to pedestrians.

3.3.3. Limitations

This study has some limitations because it simulates the tree’s shading
effect using a model that simplifies reality. Firstly, the model simulates the
average value in one block. In a real S-facing sidewalk in a block, some spots
wouldn’t have shade if the tree shade occurs sparsely. Then, pedestrians under
the shade of a tree have lower MRT while others may have higher MRT. In

this study, however, MRT was averaged to a single value. Therefore, there is
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a limit to not being able to detect the MRT change in a street. Secondly, the
shape of tree has limitation. For ease of calculation, tree canopy has quadratic
rectangular form as shown in Fig. 17 and the 2D domain also leads to a
limitation in the use of the clumping factor. But in order to better reflect
reality, trees are divided into 10 vertical layers that have different net radiation
fluxes with by height. The clumping factor varies depending on the species
on a micro scale and varies with the spacing between trees on a street scale.
Therefore, calculating or measuring the clumping factor in a heterogeneous
landscape is recommended (Q. Chen et al., 2008). This study has assumed
that leaves are randomly distributed (clumping factor = 1). There is a need for
further research to determine the clumping factor on a street scale and apply

it to the cooling effect of trees.

Besides the tree variables, the street geometry and orientation also have a
significant impact on the pedestrian MRT (Ali-Toudert & Mayer, 2006;
Limor Shashua-bar & Hoffman, 2003). These two factors are also related to
the angle between the incident solar radiation and the building wall. In
summer, the sun rises from the east towards the north until noon, and then
descends towards the west. For this reason, in streets oriented E-W, the shade
is usually on the north side of buildings and trees. Pedestrians on the N-facing
sidewalk are affected by the building geometry, while the others on the S-
facing sidewalk are affected by the tree size. On streets oriented N-S, shade
dominates the northwest of buildings or trees before noon, whereas after noon,

it dominates the northeast. As both sidewalks in this case are mainly affected
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by building shade, the shading effect due to trees would be low. Thus, this
study examined only E-W streets, which are the most vulnerable to radiation
exposure without trees (Holst & Mayer, 2011; Mayer et al., 2008;

Takebayashi et al., 2014). Urban planners also need to be aware of this pattern.

Since the study used MMRT and focused on the shading effects of trees,
storage heat flux and latent heat flux estimation for calculation of longwave
radiation were simplified. Also, the evapotranspirational cooling effect of
street trees was neglected. Future study can consider the total cooling effect
of trees, including evapotranspiration effects. They can furthermore assess the
total cooling effect of trees and calculate thermal comfort indices which factor
in air temperature reductions, humidity changes, and wind speed changes (e.qg.,

Krayenhoff et al., 2015) as well as mean radiant temperature reduction.

3.4. Conclusion

Planting trees in the street canyon is an effective strategy for reducing the
urban radiation exposure of pedestrians. Trees provide shade by intercepting
incident radiation such that it is not incident on pedestrians or nearby surfaces.
In this study, pedestrian MRT was calculated by assessing the impacts of
street tree spacing and tree size on solar (shading) and longwave radiation
exchange. The results show that MRT decreases exponentially as the spacing
between trees decreases. This is most apparent for small trees. When urban

planners design street trees, they should consider the reduction slope and
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choose an effective tree spacing for reducing radiation exposure. The results
also show that tree size is more important than street size on the S-facing side
of an E-W street. When the tree spacing is 11 m on a wide street, MRT
reduction varies by 23.5 K between small trees (6 m tall & 3 m wide; 9.5 K
MRT reduction) and large trees (22 m tall & 10 m wide; 33 K MRT reduction).
The results also confirm that most of the MRT reduction results from the
blocking of radiation from the sky. This is mostly due to interception of direct
shortwave radiation from the sky. This process is also important for the
nearby surfaces (walls and sidewalk) to reduce the reflected shortwave and

emitted longwave radiations from those surfaces.

In conclusion, selecting an appropriate spacing between trees is important
to improve thermal environments for pedestrians. If a planner chooses smaller
trees, it is recommended they choose smaller tree spacing because MRT
reduction effects increase exponentially with reduced spacing. On the other
hand, if a planner chooses larger trees, they can increase the tree spacing
larger trees with wide spacing more effectively reduce MRT than smaller
trees with narrower spacing. This study can be beneficial for street design by
providing information about optimal tree spacing, an important variable that

can be chosen to reduce radiation exposure for pedestrians.
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IV. CHAPTER 3: Optimal multi-strategies
modeling reveals a range of options for reducing
pedestrian radiation exposure that integrate four
strategies

4.1. Introduction

Urban warming can be a serious problem affecting the built environment.
Reduced vegetation and increased construction in urban areas increases urban
heat levels (C.-Y. Sun, 2011) which results in enhanced heat stress for urban
residents, particularly pedestrians, due to their increased exposure to radiation
heat flux (Lee & Mayer, 2018b; Rosso et al., 2018). Enhanced heat stress can
affect human health, particularly among more vulnerable older people
(Thorsson et al., 2014). There is also evidence that mortality and morbidity
during heat extremes have increased due to climate change (Oudin A strém,
Forsberg, Ebi, & Rockldv, 2013). Especially significant warming occurs over
the tropical and subtropical where most mega-cities are located (Golden, 2004)
and this phenomenon exacerbate the problem of health and well-being.
Therefore, improving the thermal environment of streets and reducing the
radiation exposure of pedestrians has become an important research issue (C.
Y. Park et al., 2018; C.-Y. Sun, 2011). Among the many potential strategies,
planting trees or grass and converting surface albedos have been widely
studied because they are realistic strategies involving lower costs than

structural changes such as changing building orientation or aspect ratio. As
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well as identifying the effect of options for reducing pedestrian radiation
exposure, it is important to be able to select suitable strategies (Takebayashi

etal., 2014).

Many previous studies have focused on single strategy for mitigating
urban heat (Dimoudi et al., 2014; Djedjig et al., 2016; Napoli et al., 2016;
Oliveira et al., 2011; Takebayashi & Moriyama, 2009). However, combining
multiple strategies could result in different effects (E. Scott Krayenhoff et al.,
2018); for example, there can be four different combination effects when
planting a combination of trees and grass (Fig. 22). In some cases, the
individual effects of different strategies can simply be merged (additive), or
the combined effect may be larger than the sum of individual effects
(synergistic). In other cases, one effect may be reduced (intersecting) or not
be exhibited (overlapping) by combined plantings, resulting in a smaller
combined effect. Because of this combination effect, researchers have tried
to determine optimal combinations of strategies, such as green infrastructure
and green pavements, using multiple scenarios (Battisti, Laureti, Zinzi, &
Volpicelli, 2018; Limor Shashua-bar, Tsiros, & Hoffman, 2012; Yuan, Emura,
& Farnham, 2017). Yuan et al. (2017) reported that a low wall albedo and
some green area was the best combination among six scenarios with the
combination of albedo and green area. Battisti et al. (2018) analyzed the effect
of pavement and greening and found that combining two strategies
(permeable green pavements plus cool roofs) could effectively mitigate

heatwaves during the summer.
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Fig. 22. Various combination effects of heat mitigation strategies

Although scenario research can effectively identify good options, it has
limitations for searching multi-strategy options. Scenario research assesses
options by considering key problems and identifying key alternatives
(Peterson, Cumming, & Carpenter, 2003). In this process, three or four
scenarios are usually selected as the study domain, whereas more than four
can limit users’ ability to explore uncertainty and may confuse them (Heijden,
1996; Peterson et al., 2003). This limitation of the number of scenarios makes
it difficult to review the many possible combinations of conditions of multi-
strategies. Optimization using meta-heuristics is another approach that has
been used to solve such nonlinear problems (Hertz & Widmer, 2003), as it is
flexible enough to handle many different combinations of problems
(HassanzadehFard & Jalilian, 2016). Previously, optimization models have
been shown to be effective decision support tools for solving real world

problems in diverse fields (e.g., financial decision, building design, land use
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allocation, road network, storm water management) by providing alternatives
to decision makers (Evins, 2013; Gallo, D’Acierno, & Montella, 2010;
Hochreiter & Pflug, 2007; Macro, Matott, Rabideau, Ghodsi, & Zhu, 2019;
Mohammadi, Nastaran, & Sahebgharani, 2016). However, to our knowledge,
no previous study has applied optimization using meta-heuristics to radiation
exposure mitigation strategies. Since the radiant transfer process in urban area
is complex and various drivers contribute to reduce radiant heat load,

optimization with meta-heuristics should be applied to this field.

Another advantage of this optimization approach is that it can be utilized
with multi-objective techniques (Jones, Mirrazavi, & Tamiz, 2002). Decision
makers must consider cost effectiveness in order to provide the maximum
effect within a limited budget, and they need information about the trade-offs
between costs and effects (Macro et al., 2019). Such information can lead to
effective planning assessments in two ways. First, decision makers can
choose a plan that is appropriate for the available budget. If there are several
plans that fall within the budget, they can select one with a higher benefit and
lower cost. Second, plans may exist that have similar benefits and costs but
different strategy combinations. In this case, information can be provided on
alternatives to the best plan. Moreover, even if the best plan is the most cost
effective, alternative plans can be chosen depending on the situation. Finding
radiant fluxes mitigation plans considering both mitigation effect and cost can

help decision makers decide better plans.

The primary goal of this study is to develop a model that can evaluate
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multiple strategies for maximizing mean radiant temperature (MRT)
reduction and minimizing cost. This study connected multi-objective
optimization with a MRT simulator, which represents radiation exposure of
pedestrians and plays a fundamental role in thermos-physiological concept
for assessing thermal environment (Lee et al., 2013). It is also a critical
variable to predict heat-related mortality (Thorsson et al., 2014). This study
simulated an urban street canyon and evaluated the combined values of four
modifications relating to tree and grass planting and changing the albedo of
canyon walls and pavement using a MMRT (Multilayer MRT) model. The
results identify a wide range of solutions to reduce heat-related mortality and
develop thermally comfortable urban areas, dependent on the objectives and
constraints that real world planners might have. This study will provide

insights for sustainable urban planning under climate change.

4.2. Methods

Our model used an optimization algorithm that determines the decision
variable of each strategy by considering two objectives: maximizing the
radiant fluxes mitigation effect and minimizing costs. The model focuses on
pedestrians in street canyons and radiant fluxes as the combined radiant heat
load on a pedestrian (i.e., MRT). As the key strategies, this study selected four
more realistic and lower cost options than changing the urban architectural
geometry for reducing pedestrian MRT in a street canyon: street tree planting,

grass planting, and albedo reduction of building walls or sidewalks. This
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study combined these effects into a total MRT reduction effect for a
pedestrian on a street. This study presents model tests of MRT reduction

strategies using a hypothetical street canyon.

4.2.1. Maximizing MRT reduction

This study used MRT as the heat variable, which is the uniform
temperature of an imaginary enclosure in which the radiant heat transfer from
the human body equals the radiant heat transfer in an actual non-uniform
enclosure (ASHRAE, 2001). MRT integrates the shortwave and longwave
radiation flux densities emitted and reflected from a three-dimensional
environment (Lee et al., 2013; Thorsson et al., 2007). Although MRT does
not consider additional meteorological variables (air temperature, humidity,
wind speed, and water vapor pressure) which determine the perception of heat
by human, MRT shows the greatest impact on human thermal comfort during
clear summer days (Lee et al., 2014). Moreover, MRT exhibits larger spatial
variability, mainly due to the shadow patterns, thermal properties of surface
materials, and the moisture status and effective variables for identifying hot

spots of heat stress risk (Thorsson et al., 2014).

Calculating the MRT mitigation effect allows us to combine the effect of
several strategies. The selected strategies are street tree planting (T), grass
planting (G), albedo reduction of building walls (W), and sidewalks (S).

These strategies were selected because they are relatively easy to apply

- 74 -



without changing the urban geometry and many previous studies have
demonstrated their successful MRT mitigation effects (Klemm et al., 2015;
Lee et al., 2016; Mayer et al., 2008; Salata, Golasi, Vollaro, & Vollaro, 2015;
Takebayashi & Moriyama, 2009; Taleghani, Tenpierik, et al., 2014; Zeng &
Dong, 2015; Z6lch et al., 2016). The effects of these strategies on the energy

balance of pedestrians in an urban street canyon are as follows:

® Strategy T (Fig. 23, ): This has been the most widely used strategy for
MRT mitigation (Klemm et al., 2015; Lee et al., 2016; Mayer et al., 2008;
C.Y.Park etal., 2018; Zeng & Dong, 2015; Z6lch et al., 2016). As trees
intercept radiation, they can decrease the absorbed radiation densities of
people in the same environment (Holst & Mayer, 2011; Lee et al., 2013).
This effect is strongly dependent on the tree geometry (height, shape and
width of the crown) (Lobaccaro & Acero, 2015). Greater tree coverage
(leaf area density (LAD), leaf area index (LAI), number of trees) provides
greater reduction of MRT in urban environments (Shashua-Bar, Tsiros,
& Hoffman, 2010). In this study, trees are located between the sidewalk

and the road. The decision variable is the number of trees.

® Strategy G (Fig. 23, ©): Green pavements have been compared with
asphalt or other impervious pavement surfaces in many studies. Lee and
Mayer, (2018b) found an averaged MRT reduction during 1000-1600
LST was 17.6 °C when the asphalt surface was changed to green
pavement. Furthermore, the surface temperature of grass is lower than

that of asphalt, block, wood, and concrete (D. Armson et al., 2012;
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Takebayashi & Moriyama, 2009). Lower temperature surfaces emit lower
longwave radiation, resulting in lower MRT. However, compared with
low albedo impervious pavements (i.e., asphalt and some concrete), grass
reflects more solar radiation to pedestrians (Takebayashi & Moriyama,
2009). If trees are planted on the grass, they can block the solar radiation
and mitigate the reflection effect, indicating that shaded grass has a better
cooling effect than a sunlit grass area (D. Armson et al., 2012). Therefore,
Lobaccaro and Acero (2015) have emphasized that grass under trees is an
effective strategy for reducing heat stress along streets. This study defines
strategy G as a grass planting on the sidewalk adjacent to the road. The

decision variable is the area of the grass (m2).

Strategy W and S (Fig. 23, @ and @): In street canyons, the surfaces
that predominantly affect people are the building walls and sidewalks.
Previous studies have suggested that a higher albedo could reflect
substantial radiation and reduce urban heat. Increasing the roof albedo is
an effective way of reducing the net shortwave radiation in urban areas
(Li, Bou-Zeid, & Oppenheimer, 2014; Yang, Wang, & Kaloush, 2015).
In addition, High albedo materials inside the canyon were found to reduce
air temperature of urban canyon (Erell et al., 2014). However, recent
research has revealed that a higher albedo within an urban street
environment (i.e., building walls and sidewalks) can have negative effects
on radiant pedestrians thermal exposure (Lee & Mayer, 2018b; Salata et

al., 2015; Taleghani, Tenpierik, et al., 2014). This is because higher
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albedo surfaces will reflect more incoming shortwave radiation onto
people, increasing radiation flux densities (Lee & Mayer, 2018b). In
addition to heat, high albedo pavements may have adverse effects such
as greater slip risks or causing visual interference due to increased light
levels (Richard, Doré, Lemieux, Bilodeau, & Haure-touzé, 2015).
Strategy W and S therefore involves reducing the albedo of walls and
sidewalks to reduce the radiant flux densities of pedestrians. In appendix
C, the study reviewed the albedo ranges for building wall and sidewalk
materials. The decision variable is the area of the new material surface

(m2).

Our model focuses on the most cost effective street design changes and
does not involve geometric changes. MRT reduction effects of four strategies
are calculated using MMRT model. The MMRT model calculates pedestrians’
MRT in a complex street canyon with trees considering vertical heterogeneity,
with simple input data a low time consuming (C. Y. Park et al., 2018). This
model represents radiation exchange in a complex street canyon, particularly
with respect to its attenuation by green infrastructure, using Monte Carlo ray
tracing. The model needs four categories of input data: date and time, latitude
and longitude, meteorological, geometric data. Users also can control the
thermal parameter such as albedo and emissivity. Fig. 23 shows how the
strategies can be applied to the MMRT model. Parameters including tree
height, tree crown width, width and height of grass, and material albedo must

be set in order to operate the optimization model. For the model test, this study
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sets default values for input data, described in section 2.4.

The model was further developed the leaf surface temperature estimation
using latent heat loss in the leaf energy budget from air temperature, vapor
deficit, and conductance (Campbell & Norman, 1998). But, heat conductance
relates to the wind speed estimate is still simplified to reduce computational

exXpense.

(D Strategy T: number of trees planted

@ Strategy G: area of greenway

(3) Strategy W: area of lower albedo surface
@) Strategy S: area of lower albedo surface

CcW

S-facing

&

(

Building Sidewalk Road

Fig. 23. lllustration of MRT mitigation strategies and variables used in the model for the
south-facing side of the street: cw = canopy width, th = tree height, gw = greenway width,

gh = height for grass.

The model calculates pedestrian MRT considering changes of four
strategies decision variables, and includes their combination effects (Eq. 27).

MRTgtrqregies Means the average MRT of the pedestrian who walk on the
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middle of the entire south-facing sidewalk.

MRTStrategies = fMMRT (Tnumber' Garea' Warea, Sarea) (27)

Here, T,y mper 1S the number of trees planted, G,,., i the area of grass
planted, and W,,., and S,., are the area of lower albedo surfaces of
building walls and sidewalks. MRT reduction describes how much the MRT
is reduced by strategies compared to a ‘no strategy’ condition at maximum

MRT (Eq. 28).

MRT mitigation (benefit) = MRTyostrategy — MRTstrategies (28)

4.2.2. Cost minimization

This study considers costs twice in the model. First, the study sets a budget
(maximum cost) as a constraint factor because urban development and
planning typically have limited budgets. This constraint factor ensures that
the results do not exceed the budget. Second, one of the optimization
objectives is to minimize the cost; therefore, the model aims to find plans that
cost as little as possible within the budget. This study consider the
implementation cost of the four strategies by multiplying the decision

variables by the unit cost of each strategy (Eq. 29).
Cost = TpyumperCoSty + GureqCoSte + Wypeq Costyy + SgreqCosts  (29)

Where Cost isthe cost for one streettree and Cost;, Costy,and Costg

are the costs for 1 m2 of grass, converted wall, and converted sidewalk,

- 79 - .



respectively. Tree and grass planting generally entails two or three years of
maintenance as well as construction. Therefore, when the model calculate the
unit cost of strategy T and G, it also considers maintenance work such as
pruning, fertilization, and weeding. These unit costs vary depending on the

specific type of strategy (e.g., the type of tree or material).

4.2.3. Optimization model

The optimization model developed in this study aims to identify the
optimal combination of four heat mitigation strategies in order to achieve the
MRT mitigation goal at low cost. The objective of this model is to provide

the decision maker with a wide range of strategy combinations.

The strategy combination was optimized using a non-dominated sorting
genetic algorithm IT (NSGA II), which produces Pareto optimal solutions
using the non-domination rank and crowding distance (Deb, Pratap, Agarwal,
& Meyarivan, 2002; Yoon, Kim, & Lee, 2019). It contains sets of priorities
considered as a range of values quantifying the trade-off between different
objectives; i.e., the benefit (MRT mitigation) and the cost (Woodward,
Kapelan, & Gouldby, 2014; W. Wu et al., 2016).

Considering the budget constraint value, this study randomly created N
initial plans (parent generation) for the searching space beyond existing
knowledge. Then, by selection, crossover, and mutation, new N plans were

created (children generation). To prevent the loss of good solutions, this study
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combined previous plans and new plans (elitism) and selected the next
generation using the nominated rank and crowding distance. Finally, after a
number of iterations of the main loop (selection, crossover, mutation, and
elitism), this study obtained the Pareto optimal plans (Fig. 24). The population
size (N) and number of iterations (M) were selected as 70 and 80 respectively
by repetitive pilot test (Appendix C). Because a large number of Pareto
optimal plans are identified by the optimization model, it is necessary to
reduce this number to a smaller, more manageable ideal set of plans for the
decision maker (W. Wu et al., 2016). In this way, this study can provide ideal
plans targeting MRT risk reduction and compare alternative plans with

similar benefits and costs.
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Fig. 24. Optimization process for determining optimal plans.

4.2.4. Model test site

To emphasize the optimal results, this study used a hypothetical study site
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with realistic geometry; i.e., a street canyon with six car lanes. Table. 1 shows
the input data for model test. The sidewalk width is 5 m and the street length
is 400 m (Fig. 25). Overall, the aspect ratio (height-to-width ratio, H/W) of
street canyon is 0.67. The orientation of the street is east-west, so that the
south facing pedestrian receives significant quantities of direct solar radiation
(Nakamura & Oke, 1988). The temporal target was the daily maximum MRT
during clear days (cloud fraction under 50%) in June—August 2017. Since the
heat mortality was related with daily maximum MRT (Thorsson et al., 2014),
this study chose the time target as the time with the highest MRT of the day.
The target time can be changed according to the purpose of the plan (e.g.,
reducing mortality risk). In order to reduce the simulation time, the study used
one time target (maximum MRT time of the average day during June to
August). The average value of daily air temperature and dew point
temperature data from the Korea Meteorological Administration. Therefore,
the final time variables were as follows. The date was DOY 179 (28th June),

and the time was 1300 local standard time (LST) (highest MRT of the day).

Before implementing the heat mitigation plans, the site contained 10
gingko biloba trees and no grass. The albedo of the walls and sidewalk was
0.8 (polished white granite). The parameters of the four strategies were shown
in Table 3. The strategies costs used the 2018 Korean landscape architecture
standard statement (KSLA, 2018) and 2016 Land and Housing guide
specifications (LH, 2016) which include the cost of materials, labor, and other

expenses. Costy, and Costg include installation cost. But Cost; and
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Cost. include three years of maintenance costs as well as installation cost.

The albedo range of building wall and sidewalk pavement are 0.2-0.9 and

0.1-0.8 respectively (Appendix C). In order to maximize the effect of albedo

reduction, this study used the albedo of the polished white granite (0.8), which

was used as open space pavement (Shahidan, Jones, Gwilliam, & Salleh,

2012), as the origin surface albedo.

albedo 0.8
kip the back A
2
A
20m East
South
D S —
Sm 20m
Fig. 25. lllustration of the hypothetical study site.
Table 3. Input data of the model.
Categories Parameter Cost ($)
Geometric data | Longitude and latitude (°) 126.9, 37.6 -
Street orientation (°) 90 -
Building height and width (m) 20,5 -
Road width (m) 20 -
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Meteorological DOY and LST 179, 1300
data Air temperature (C) 29.2
Relative humidity (%) 37.2
Vapor pressure (hPa) 15
Strategies T: Tree height and canopy width (m) 7,5 4,749/tree
G: Grass height and greenway width 0.3,15 51/m?
(m)
W & S: Reduction of albedo (wall & 0.8t00.3 181/m?,
sidewalks) 149/m?

After simulating the optimization model, this study applied the mortality
risk level developed by Thorsson et al. (2014). This risk level from the
mortality data in Stockholm, Sweden where the average air temperature
during July is 22 °C. A specific target goal or criterion can help with the plan
selection (Woodward et al., 2014). They divided the daily maximum MRT
level into three, where level 1 indicates a 0-5% mortality risk increase (from
320.75-328.15 K), level 2 indicates a 5-10% mortality risk increase (from
328.15-330.55 K), and level 3 indicates a severe mortality risk increase of
over 10% (over 330.55 K). This study divided the Pareto optimal plans

according to the risk level in order to support the decision making process.

4.3. Results

4.3.1. Range of optimal solutions
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The model identified 48 Pareto optimal plans (Fig. 26), which exhibit the
trade-off between MRT reduction and costs; i.e., an increase in the benefit
leads to a higher implementation cost. The plan with the highest benefit (1)
results in an MRT reduction of 21.6 K (the average reduction MRT of
pedestrian who walk on the middle of the entire south-facing sidewalk) and
costs $199,968. The cheapest plan (9) only exhibits a 0.9 K reduction and
costs $5,610. The benefit gap of 20.7 K results in a cost change of $194,358.
Therefore, decision makers can choose an appropriate plan by considering the
trade-off between the two objectives. The no strategy condition exhibited an
MRT of 342.9 K at 1300 LST, which equates to risk level 3. This can be
reduced to level 2 or 1 by reducing the MRT by 10.4 K or 14.3 K, respectively.
Plan 6 and 5 are the lowest cost plans that satisfy the MRT reduction to level
2 and level 1, respectively (Table 4). This indicates that spending $118,725
on radiation exposure reduction strategies can reduce the mortality risk by
over 5% (level 1) and an additional $88,734 can reduce the mortality risk by
over 10% (level 2).

The Pareto optimality can provide decision makers with alternatives that
involve different strategies but produce similar effects. For example, plan 6
and 7 have very similar benefits and costs (Table 4). However, compared with
plan 6, plan 7 involves a smaller grass area and additional albedo changes in
the wall and sidewalk. These alternative options are a substantial advantage
as they provide different opportunities. If urban planners prefer more grass in

the street, they can select plan 6. If the street is not appropriate for planting
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much grass on the sidewalk, they can select plan 7.

25
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¥ 15 OO0
& 099 **
2 10 o[ %0°
[aa)]
0.8 1 1.2 14 16 18
Cost (10° $)

Fig. 26. Pareto optimal plans (red) and example plans 1-9 (green). Plans 1, 7, and 9 are

illustrated as 100-m long sites.

4.3.2. Strategy combinations

The model results represent the optimal strategy combinations for MRT
reduction and every plan includes the decision variables of the four strategies:
T, G, W, and S. Most Pareto optimal plans combine T and G and only some
include W and S (Fig. 27). Plan benefits increase with an increasing number
of trees, which indicates that MRT mitigation is mainly affected by the
number of trees (strategy T). However, the expense costs of trees also increase
total costs of plans. Therefore, the ability of tree planting can dominate the

urban planning for mitigating MRT. For an equal number of trees, the benefit
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increases with increasing grass area, which infers that grass planting (strategy

G) is the next most cost-effective strategy.

Strategies W and S were selected less frequently because of their low
benefit-cost ratio. Even though G, W, and S have similar MRT mitigation
benefit, W and S need higher costs ($181/m2, $149/m2) than G ($51/m2).
When the study applies 100% of G (1200m2), W (15000m2), and S (4000m2)
in the study site, the MRT reduction benefits are 2 K, 5.7 K, and 6.6 K
respectively. However, when the study compared this benefit with cost, the
ratios (K/$1,000,000) are 32.8, 2.1, and 11.1. This cost-effectiveness would
have influence on the Pareto optimal plans. However, if an urban planner
chooses inexpensive method such as painting to change the albedo of walls
and sidewalks, the Pareto optimal plans would also include W and S. That is,
the strategy combination results will differ according to the strategy
parameters (e.g., size, available area, and thermal parameter) and cities with

different unit costs.

(mbe) @) @ o ® @ 0 ® @
50 400
° [} . ° ] ®, 4471350
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* ° o 4424 o . ® . . 100
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Fig. 27. Figure 28. Decision variables (T, G, W, and S) of all Pareto optimal plans against
the size of plan benefits (left Y-axis shows the implemented size for strategy T and right Y-
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axis shows that for strategy G, W, and S). Red lines indicate plans 1-9.

The benefit values of the optimal plans represent their combined effects
on MRT mitigation. When comparing individual and combined strategy
effects, this study notes that these strategy combinations exhibit synergistic
effects. Table 4 shows the combination effect of selected nine plan, which are
representative combinations among Pareto optimal plans. They have 0.3 to
0.6 K synergistic effect except for singular strategy plan (plan three and five).
These synergistic effect values are small compared to the total benefit, but
they are large enough to change the order of combinations’ benefit. In other
words, the multi-strategies model considers the combination effects of
strategies and provide decision makers planning options based on accurate
estimates. Since the results in Table 4 are some part of the combinations, this
study cannot know whether all multi-strategies for MRT reduction have
synergistic effect. This study can say that the combination of T and G, or S,

or W is more effective than applying single strategy.

Table 4. Description of the selected plans shown in Fig. 26 and their combination effects.

Benefit Sumof | Synergistic

Decision variable single | combination | Cost ($)

Plan (K) benefit ffect

#) Tree Grass | Wall | Sidewalk e o

(number) (m2) (m2) (m2) (A) (B) (A-B)
1 42 10 0 0 21.6 21.2 0.4 199,968
2 37 340 0 0 20.4 20.1 0.3 194,709
3 30 340 0 0 17.6 17.1 0.5 159,810
4 30 0 0 10 16.9 16.5 0.4 143,960
5 25 0 0 0 14.7 - - 118,725
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6 16 250 0 0 10.7 10.2 0.5 88,734
7 16 80 20 10 10.7 10.1 0.5 85,174
8 3 60 0 10 2.7 21 0.6 18,797
9 0 11. 0 0 0.9 - - 5,610

4.4. Discussion

4.4.1. Decision support tool for urban planning

Since decision makers have different objectives and design constraints,
this study was designed to provide a wide range of alternatives. First, for
satisfying varying objectives, multi-objective (benefit and costs) Pareto was
provided. Decision makers can select option which more reflect their
preference among MRT reduction benefit and low cost. If decision makers
prefer high benefit, they can select from plans 1-5 that can reduce mortality
risk to level 1. On the other hand, if decision makers consider minimum cost,
they can select lower benefit and cost plans. The alternatives with similar
benefits and costs but different combination of strategies (e.g., plan 6 and 7)
permit decision makers to take account of their design preference or site
condition. In addition, since many people are involved in the decision making
process, having quantitative evidence on strategies’ effect is effective in
gathering feedback. This study selected relatively economical strategies and
there were no construction changes. But if more expensive reconstruction can
be considered, plans with structural changes such as building orientation or
aspect ratio can further reduce MRT (Ali-Toudert & Mayer, 2006; Johansson
& Emmanuel, 2006; Ketterer & Matzarakis, 2014; Lin, 2009; Lobaccaro &
Acero, 2015)
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The multi-objective optimization model can consider additional objective
or replace them for other objectives. Even though this study is focusing on
the summer, urban planner should consider the effect of four strategies in
other seasons. In particular, since the winter in Seoul, Korea is cold, they
should notice the adverse effects of MRT reduction strategies in winter.
Lowering albedo can reduce MRT by lowering reflected radiation to the
pedestrian. However, green infrastructures would not have a significant
impact because they do not have leaves in winter. The consideration of other
season can be another objective in the model. Other objective s which are not
associated with MRT also can be accommodate for finding optimal urban
plans. For example, Yoon et al. (2019) proposed a planning model to
determine the location and type of green areas based on cooling effect and
connectivity. Macro et al. (2019) also used optimization tool to find out the
proper green infrastructure investment by minimizing the combined sewer
overflows and minimizing the cost. For solving the water supply issue, Wu et
al. (2016) showed the preferred multi-objective such as minimizing the total
life cycle cost, maximizing the volumetric reliability of water supply or

storage targets in the reservoirs.

4.4.2. Strategy combinations for MRT mitigation

This study observed a combination effect in the MRT reduction strategies.
Plans with combination of tree and other strategies showed a synergistic

combination effect. This effects might be come from the lowering surface

-91 -



(grass/sidewalk) temperature due to tree shade. When the study simulates the
surface temperature of grass/sidewalk in the case of grass/sidewalk only (1)
and the case of combining with tree (2), case (2) shows lower surface
temperature. The lower surface temperature emit lower longwave radiation to
the pedestrian, which results in additional MRT reduction effect. In addition,
tree shade reduce incident solar radiation into grass/sidewalk/wall, which
result in reducing reflected shortwave radiation from those surfaces. Middel
and Krayenhoff (2019) also found that grass with trees could be better options
for thermal comfort and reducing MRT due to this synergistic effect based on
in-situ measurement. To our knowledge, no previous heat mitigation strategy
research has discovered this combination effect, which could result in
misleading information for urban planners implementing heat mitigation
strategies. In general, it is difficult to achieve the desired heat reduction effect
using only one strategy; therefore, planners need to apply multiple strategies
in one location (Battisti et al., 2018; Zdlch et al., 2016). If the planner only
considers the individual strategy effects, they are likely to overestimate or
underestimate the total effect of these various strategies. Our proposed
strategy combination model can therefore help avoid erroneous estimates and

establish a more appropriate plan whose exact benefits can be determined.

4.4.3. Next steps

The current study was limited by time scale, study site, computation

dimension, and literature review. | believe that future studies will expand this
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methods and overcome the limitations. For planning applications, users could
run our model by adjusting only a few variables. If more types of strategy are
developed and their effects are calculated in the MRT model, this
optimization model can become more widely applicable and can better
support urban planning decision making in order to reduce urban radiation

exposure.

First, there are some limitation in the time scale and site geometry. This
model test targets daily maximum MRT reduction at 1300 LST and a specific
geometry street canyon. However, targeting time and site geometry is
important parameter to affect to MRT. First, the timing of the highest MRT
reduction effect differs between strategies. In the case of tree planting, as trees
intercept incident solar radiation, times of strong solar radiation
(approximately 1100-1300 LST) exhibit the highest MRT reduction effect
(Park et al., 2018). However, lowering the surface albedo (dark brick albedo
= 0.1) reduces the MRT in the afternoon (~1800 LST) when the surface is
exposed to solar radiation, with the maximum effect appearing at 1500 LST
(Taleghani et al., 2014). Therefore, the combination effect can vary
depending on the time. Currently, because of the time consumed by MRT
simulation, producing an optimization time series would require an enormous
amount of time. However, an important next step is to study heat mitigation
strategies that incorporate combination effects over time. The site geometry
can change the pedestrian MRT by controlling the building shade. As the

hypothetical study site was determined as an east-west orientation and 0.67
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aspect ratio, there was no building shade on the south facing sidewalk at 1300
LST. This structure provided high MRT of south facing pedestrian. Changing
orientation to north-south or increasing aspect ratio would reduce large
amount of MRT by adding building shade on the pedestrians. As well as street
structure, the location of pedestrian affect to MRT. This results are about the
pedestrian who walk on the middle of the south facing sidewalk. If
pedestrians walk near the building, building wall albedo could be an
important strategy because they are highly influenced by the reflecting
radiation from the walls. According to the characteristics and structure of
street, researchers or urban planners can control such variables (i.e., street
orientation, aspect ratio, pedestrian location) in order to apply this model to

other sites.

Second, The MMRT model calculated the average MRT using 2D domain
which is the compressed result of 3D street block (Park et al., 2018). This
study chose the block scale decision variables (total number, total area) of the
MRT reduction strategies because this study focused on the average MRT of
street block. If researcher connect 3D domain model such as ENVI-met and
SOLWEIG with optimization model what this study propose, they will able
to extend the decision variables to 3D variable such as the location and shape
of the strategy. However, 3D models has high computational cost, which
makes hard to associate with optimization model. In order to support decision
making, a model that can provide solutions repetitively and immediately is

needed.
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Third, there is few literature which studied the heat risk level and MRT.
This study used mortality risk level to facilitate their selection which is
studied in Stockholm, Sweden. Even though the study site of mortality risk
level, Stockholm, Sweden, had similar maximum MRT value with Seoul,
applying this criteria should be carefully considered in the study. To apply
the risk level for other sites which have various conditions including MRT,
more studies should discover the relationship between MRT and mortality

risk in various cities in the future.

In addition, this study focuses on the current situation, whereas future
research should study long-term MRT mitigation plans. Climate change is
expected to increase heat mortality and heat related costs in the future (Ohashi
et al., 2016; Wondmagegn et al., 2019). Some long-term urban planning
studies have already been conducted in other fields. For example, Erfani et al.
(2018) evaluated water supply planning using a multi-stage scenario tree,
which provided strategies that had to be applied over time. It is vital to
determine how future climate change will affect MRT and how we can deal

with it.

4.5. Conclusions

The multi-strategies model focusing MRT reduction and green
infrastructure will make the city sustainable. Since MRT is expected to

increase due to climate change, this research has important applications for
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mitigating heat related mortality under future climate change. MRT reduction
would lead to save additional health-related costs by reducing the mortality
risk. This study also found that most optimal options included planting trees
and grass because they are cost effective strategies. These green
infrastructures have diverse co-benefits and promote urban area to adapt to
and mitigate against climate change, enhance sustainability and improve

human health and well-being.
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V. Conclusions

Reducing MRT is important for reducing heat mortality and improving
well-being in the urban area. However, there is a lack of decision support tool
for planning thermal-friendly urban street where pedestrians receive less
radiant heat load. The study proposed three steps decision support tools based
on physical radiation transfer model. Chapter 1 presented MMRT model
which can be a base model for chapter 2 and 3. Even there are some
limitations such as two dimension domain and simplified conductance, this
model can represent pedestrian MRT who in the complex urban area with
green infrastructure with a low time consuming. Chapter 2 provided
quantified MRT reduction values depending on street tree size and their
interval. The results show how much street tree which selected by urban
planner can reduce MRT and help urban planner change the size or interval
for satisfying their desired MRT reduction. Chapter 3 proposed the
optimization method for obtaining multi-strategies combination plans
satisfying two objectives: maximizing MRT reduction and minimizing cost.
This method can provide a range of options and alternatives that help decision

maker choose best option closest to their preference.

This study has gone some way towards enhancing our understanding of
thermally-friend urban planning using decision support tool. This methods
can be expanded to other objectives and strategies. This could eventually lead
to sustainable development considering urban problem (e.g., heat mortality,

urban flooding) due to urbanization and climate change.
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APPENDICES

Appendix A. A multilayer mean radiant temperature
model for pedestrians in a street canyon with trees

Table A. 1. Model parameters

Classes Description Symbol Default | Units/(type)
Input data Date and time
Date - DOY
Time - H
Latitude and longitude
Latitude - °
Longitude - °
Meteorological data
Air temperature T, - K
Dewpoint temperature | TempDew - K
Cloud fraction cf 0-1 -
Wind speed Vwind - m/s
Geometric data
Street orientation X 0-360 Radian
Building probability density profile B, SB - (matrix)
Roof probability density profile R - (matrix)
Tree LAD profile T - (matrix)
Building width Xb - m
Sidewalk width Xw - m
Road width Xr - m
Tree crown width cw 5 m
Tree trunk height ch 5 m
Pedestrian height p 2 m
Vertical layer thickness (building) Az 5 m
Vertical layer thickness (tree) Azt 1 m
Vertical layer index (building, tree) iz - -
Number of vertical layers (building, ) 10 i
tree)
Computational Index of rays i - -
parameters .
Number of rays ni 10,000 -
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Index of ray steps

Number of ray steps nj - -
Ray step size (view factor) 4s 1
Ray step size (direct shortwave As’ 0.1
radiation)
Radiative Albedo of walls oB 0.4 -
parameters Albedo of roofs aR 0.15 -
Albedo of sidewalks al 0.2 -
Albedo of roads aR 0.1 -
Albedo of trees al 0.18 -
Emissivity of walls eB 0.9 -
Emissivity of roofs eR 0.9 -
Emissivity of sidewalks eW 0.95 -
Emissivity of roads eR 0.95 -
Emissivity of trees el 0.96 -
Radiation Solar zenith angle 0 - Radian
environments
Solar azimuth angle 4 - Radian
Global shortwave radiation - Wim2
Extraterrestrial shortwave radiation K - W/mz2
Clearness index KT 0-1 -
Direct shortwave radiation Kair -- Wim2
Diffuse shortwave radiation Kaiy - W/mz2
Net shortwave radiation of elerggr;; KE(iz) . W/m2
Upward shortwave radiation fro_m KupE (i2) . W/m2
element E(iz)
Total incident shortwave radiationon | g £(;7) ) W/m2
element E(iz)
Longwave irradiance from the sky L - W/mz2
Net longwave radiation of element E(iz) LE(iz) - W/mz2
Upward longwave radiation frqm LypE(iz) ) W/m2
element E(iz)
Total incident longwave radiationon | j " p(;z) ) W/m2
element E(iz)
Area weighted view factor from E(];z)(ltzc)) Fetiny-niz) )
Surface temperature of walls TB, TSB K (matrix)
Surface temperature of roofs TR K (matrix)
Surface temperature of sidewalks T™w K
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Surface temperature of roads TR

Surface temperature of trees

K
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Fig. A. 1. Global radiation flux on 244 DOY, 2017. K (global shortwave radiation),
modeled Lsky (global longwave radiation), and air temperature.
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Appendix B. Variations in pedestrian mean radiant
temperature based on the spacing and size of street trees

In order to valid the tree’s effect of the MMRT model, this study compared
the simulation result with measured MRT. The validation site was Dongyo-
ro, Mapo-gu, Seoul which relates to our model setup. The geometry of the
validation site has 20 m wide road with 20 m long buildings and 5 m wide
sidewalk, and the h/w is 0.67. The orientation of the study site is over 70 °.
The measurement time was 1000-1500 LST, 25th September, 2018. For MRT
measurement, this study used 6 direction radiometers (used three CNR4 net
radiometers (Keipp & Zonen, CNR4). | measured MRT while | was walking

through a street. This study calculated mean MRT of each street.

Fig. A. 2. The study site of MMRT validation.
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For model simulations, the input variables in the Table A.2 were used. This

study used measured air temperature, and wind speed, and downward solar

radiation in the model.

Table A. 2. The input variables for model simulation.

Street 1 Street 2 Street 3
S-facing N-facing S-facing N-facing S-facing N-facing
LAD X w/x 0.41 0.36 0.63 0.44 0.67 0.58
Tree height (m) 7 7 7 8 9 9
Street o(r;zntatmn 70 70 75 75 80 80
Building height 20 20 20 20 20 20
(m)
Building wall
albedo 0.4 0.4 0.4 0.4 0.4 0.4
Road width (m) 20 20 20 20 20 20
Road albedo 0.1 0.1 0.1 0.1 0.1 0.1
Sidewalk width 5 5 5 5 5 5
(m)
Sidewalk albedo 0.2 0.2 0.2 0.2 0.2 0.2

This study used R and RMSE as for comparing measured (M) and estimated

(E) MRT. R? and RMSE were computed as follows:

Y(E; — My)*
Z(Ei - IVImean)2

RMSE = (%Z(Ei - Ml-)z)l/2

When compared the model value and measurement MRT, R? was 0.9 and

RZ=1-

RMSE was 11.9 K. The result indicates the simulation model sufficiently
reflect the real world and consider shading effect. The model validation

should be continued in the various sites.
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Appendix C. Optimal multi-strategies modeling reveals a
range of options for reducing pedestrian radiation
exposure that integrate four strategies

Table A. 3. Albedo ranges for sidewalks and building walls obtained from previous studies
(Hendel, Parison, Grados, & Royon, 2018; Qin & He, 2017; Ramirez & Mufioz, 2012; Salata
et al., 2015; Shahidan et al., 2012).

high
Polished Portland - - Portland
. white cement Wh'.te Ceramics Stabilized cement
Sidewalk - granite sand
granite concrete (0.65) (0.42) (0.4) concrete
0.8) (0.7-0.8) ’ ' (0.35-0.4)
white paint
Wall (0.5-0.9) Stone (0.4)
—  low
Highly
Granite Limestone . mottled
Sidewalk 0.3 block (66‘ Zsfgegé) V\/(oooii;)lle concrete,
(0.27) - ' dark brick
(0.1)
Wall Brick (0.2)

This study chose the population size and number of iterations using a
repetitive pilot test. First, this study increased the population size to 50, 70,
and 100 with enough iterations (100) and confirmed the shape of the Pareto
optimality. The results showed no substantial difference between the three
Pareto optimality values and that a population size of 70 was sufficient.
Second, this study compared the results by increasing the number of iterations
(1-100) with a population size of 70. This study confirmed the maximum or
minimum values of the objectives and the Pareto optimality shape. After 80

iterations, the Pareto optimality values did not increase and the maximum
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benefit value and minimum cost value remained constant. Therefore, this

study selected 80 as the number of iterations.
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Fig. A. 3. Pareto optimality for different population sizes.
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Fig. A. 4. Pareto optimality for different numbers of iterations (10, 30, 50, 70, 80, 90, 100).
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