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Abstract: A few studies on outdoor human thermal comfort (HTC) have been conducted in the
tropical region in a hot and humid climate; however, there is a paucity of discussions on how exactly
different spatial settings influence HTC. Thus, this paper aims to examine how land use land cover
(LULC) affects HTC on the basis of the simulation of Predicted Mean Vote (PMV) and Physiologically
Equivalent Temperature (PET) indices via ENVI-met and Rayman. The results reveal that people
living in the urban area have a higher tendency to experience strong heat stress (25% of the areas
with PMV ranging from 3.4 to 3.9 and 2% of the areas, where PMV reached 4.1), followed by the
rural area (43% of the areas with PMV ranging from 2.1 to 2.4), and the suburban area (more than
50% of the areas with PMV values less than 2.4). Surprisingly, a concrete LULC in the suburb area
exhibits a higher air temperature than an asphalt surface at 4 p.m., due to the large area of high
albedo that increases the reflection of solar radiation, subsequently contributing to warming up the
airmass. Similarly, sandy, and loamy LULC tend to emit more heat during nighttime, while the
heat is absorbed slowly during daytime, and it is then slowly released during nighttime after 6 p.m.
Spatial settings that promote heat stress in the urban area are mainly contributed by an LULC of
asphalt, concrete, sandy, and loamy areas. Meanwhile, people in the suburban and rural areas are
less likely to experience heat stress, due to agricultural plantations and lowland forest that provide
shade, except for the barren lands-loamy areas. The result also indicates that tree-covered areas
near the river in the suburban area afforded the best thermal experience with PMV of 2.1 and PET
of 30.7. From the LULC comparison, it is pivotal to consider tree species (canopy density), surface
material (albedo), sky-view factor, wind direction, and speed toward designing a more comfortable
and sustainable environment.

Keywords: outdoor thermal comfort; ENVI-met; LULC; microclimate simulation; tropical climate

1. Introduction

Rapid urbanization has induced changes in ecological function and processes, where it
has significantly impacted ecosystem services [1]. One of the consequences of urbanization
is related to climate change as a real and present threat to socio-ecological sustainability
on the planet [2]. The increase of heat intensity in urban areas with the rise of the air
temperature has a strong connection with the occurrence of heat stroke, hyperthermia, or
even death cases, for example, the heat waves that hit China in 1998 and 2003 and France
in 2003 [3,4]. One of the best-known effects that changes the atmospheric condition of an
urban environment is known as the urban heat island effect (UHI), which makes a difference
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in temperatures between an urban and a rural environment [5]. Such effects are attributed
to the rampant growth and expansion of built-up areas, contributing to heat stored and
radiation by urban structures [6]. Hence, the capacity of an ecosystem to reduce the heat
through biologically mediated processes is crucial [7]. For instance, there is a plethora
of evidence suggesting that vegetation has been playing a crucial role in reducing urban
heat (e.g., Bowler et al. [4]; Oliveira, Andrade and Vaz, [8]; Susca et al. [9]; Shishegar, [10];
Kong et al. [11]; Lindén et al. [12]; Zupancic et al. [13]). Trees are vital, serving as a cooling
agent mainly through evaporative cooling and shading of the ground; they also reduce the
sky-view factor that obstructs solar radiation received at the ground and human body [14].
In addition, they also obstruct and store heat from solar radiation through leaf absorption,
transmission, and reflection [15]. Unlike trees, grasses reduce temperatures in urban areas
mainly through evapotranspiration at the ground level [16]. Hence, they help to mitigate
urban surface temperatures and reduce excess heat in an urban atmosphere [17]. Similarly,
Armson et al. [18] posit that grassland has a better cooling effect compared to concrete and
asphalt surfaces. More precisely, they suggested that small plot areas (~0.1 ha) of grasslands
may provide better cooling than those of large grasslands (~7.8 ha) because some of the
solar energy is converted into sensible heat. Aflaki et al. [19] and Wong et al. [20] advocate
that the use of green roofs, green facades, and greenery are effective towards mitigating
the UHI effect. For example, urban greening on a roof top could reduce the global air
temperature up to 4% and mean radiant temperature up to 4.5% [20]. From the literature
alone, we can assert that greenery can improve the microclimate condition and indirectly
regulate people’s physical and psychological well-being, especially as regards the human
thermal comfort (HTC).

HTC is basically assessed on the basis of three major principles, including human
heat energy balance, physiology, and psychology [21,22]. As one of the prominent scholars
pioneering in HTC studies, Fanger [23] is of the opinion that the relationships between the
environmental parameters (air temperature, mean radiant temperature, air velocity, and
relative humidity) and the human physiological parameters (metabolic rate and clothing
insulation) are significant factors influencing HTC. These parameters have been adopted in
the thermal comfort model by Fanger [24], namely the Predicted Mean Vote (PMV), and the
thermal comfort model by Mayer and Höppe [25], namely the Physiologically Equivalent
Temperature (PET). Generally, there are several indices which can be used to estimate
HTC [26], namely Effective Temperature (ET), Standard Effective Temperature (SET), PMV,
PET, and Universal Thermal Climate Index (UTCI). Among these, the most common index
used today is PET, due to the direct approximation between what is calculated and what
people actually feel, which is quite the same [26,27] and a simple comparable unit in degree
Celsius [28]. Whereas, PMV, initially developed by Fanger [24] for an indoor setting, has
also been modified to suit the outdoor conditions by Jendritzky and Nubler [29], and the
model is known as the Klima-Michel Model [26].

There is a growing research trend showing that thermal comfort assessments have
been widely adopted in studying the relationship between urban design and human well-
being (e.g., Peng and Jim, [28]; Thani et al. [30]; Srivanit and Auttarat, [31]; Lucchese and
Andreasi, [32]). In the past decades, studies on the outdoor environment thermal comfort
were mostly concentrated in the temperate region (e.g., Thorsson et al. [33]; Hutter et al. [34];
Chen and Ng, [35]). There are limited studies conducted in the arid climate region (Mah-
moud, [36]; Berkovic et al. [37]) and the tropical climate region (Makaremi et al. [38];
Saito et al. [39]). To date, to the best of our knowledge, most of the thermal comfort studies
focus on an urban or city-like setting, using both field measurement and/or modelling
approaches, ranging from small areas (i.e., courtyard, street, and square) to large areas (i.e.,
plaza and neighborhood park). Little efforts have been made to understand HTC in broader
and more inclusive outdoor environments, although there are some HTC studies that have
been conducted in courtyards [40], street landscapes [39], and the campus environment [38].
Putting it in the context of Malaysia, although many studies have been conducted on UHI
(see Zaki et al. [41]), they are not specifically directed at investigating how and to what
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extent urban-rural gradients and different land use land cover (LULC) types are associated
with HTC. More precisely, research examining the relationships of different spatial settings,
particularly encompassing a spectrum of urban, suburban, and rural contexts toward HTC
is often overlooked, which this study seeks to address. This paper, thus, aims to examine
how LULC affects HTC on the basis of the simulation of PMV and PET indices. Further-
more, diurnal variations of air temperatures with different LULC are also assessed. In this
case, the PMV index is particularly used for maps’ production because PET maps are not
available in the free-version of ENVI-met. To have a better understanding of the paper’s
direction and contribution, a conceptual-methodological framework is formulated to high-
light the interrelationships between urban-rural landscapes and HTC (see Figure 1). The
framework also illustrates how LULC data are processed in the Geographic Information
System (GIS) and further integrated with building, vegetation, soil, and surface material
models in the ENVI-met model to produce PMV and PET indices, with the aids of the
Rayman model (see more in Sections 2.2.2–2.2.5). Consequently, thermal perception and
physiological stress can be assessed under different spatial settings. Primarily, there are
threefold contributions of the study. First, this paper contributes to the study of HTC in an
outdoor context, comparing different urban-rural landscapes in a relatively large mapping
scale (with 4.5 km2 and above), despite the general assumption that a large-scale simulation
may provide inaccurate results. More specifically, this study becomes an important refer-
ence for potential studies that also adopt a rather large-mapping scale of the climatic-HTC
approach. Secondly, comparing different LULCs with HTC provides us insights that show
which landscape patterns relent heat gains or losses and other climatic factors, subsequently
affecting the HTC. Lastly, in terms of the methodology, the integration of LULC data in GIS
with ENVI-met also brings a new cognizance in the field of the microclimate simulation,
where it makes large-scale simulation more feasible.

Sustainability 2021, 13, x FOR PEER REVIEW 3 of 23 
 

ronment [38]. Putting it in the context of Malaysia, although many studies have been con-

ducted on UHI (see Zaki et al. [41]), they are not specifically directed at investigating how 

and to what extent urban-rural gradients and different land use land cover (LULC) types 

are associated with HTC. More precisely, research examining the relationships of different 

spatial settings, particularly encompassing a spectrum of urban, suburban, and rural con-

texts toward HTC is often overlooked, which this study seeks to address. This paper, thus, 

aims to examine how LULC affects HTC on the basis of the simulation of PMV and PET 

indices. Furthermore, diurnal variations of air temperatures with different LULC are also 

assessed. In this case, the PMV index is particularly used for maps’ production because 

PET maps are not available in the free-version of ENVI-met. To have a better understand-

ing of the paper’s direction and contribution, a conceptual-methodological framework is 

formulated to highlight the interrelationships between urban-rural landscapes and HTC 

(see Figure 1). The framework also illustrates how LULC data are processed in the Geo-

graphic Information System (GIS) and further integrated with building, vegetation, soil, 

and surface material models in the ENVI-met model to produce PMV and PET indices, 

with the aids of the Rayman model (see more in Sections 2.2.2–2.2.5). Consequently, ther-

mal perception and physiological stress can be assessed under different spatial settings. 

Primarily, there are threefold contributions of the study. First, this paper contributes to 

the study of HTC in an outdoor context, comparing different urban-rural landscapes in a 

relatively large mapping scale (with 4.5 km2 and above), despite the general assumption 

that a large-scale simulation may provide inaccurate results. More specifically, this study 

becomes an important reference for potential studies that also adopt a rather large-map-

ping scale of the climatic-HTC approach. Secondly, comparing different LULCs with HTC 

provides us insights that show which landscape patterns relent heat gains or losses and 

other climatic factors, subsequently affecting the HTC. Lastly, in terms of the methodol-

ogy, the integration of LULC data in GIS with ENVI-met also brings a new cognizance in 

the field of the microclimate simulation, where it makes large-scale simulation more fea-

sible. 

 

Figure 1. A conceptual-methodological framework examining the interrelationships between land 

use land cover (LULC) and human thermal comfort (HTC). 

2. Materials and Methods 

2.1. Study Area 

The study area was in the Muar district of Peninsular Malaysia. Maximum, mean, 

and minimum temperatures in Malaysia range from 29.79 to 33.50 °C, 25.76 to 28.28 °C, 

and 22.75 to 25.15 °C, respectively [42]. Three areas were plotted, as shown in Figure 2. 

The dimension of the plots is 2.7 km × 1.8 km. The plotted areas were selected on the basis 

of the compactness of built-up areas and LULC (see Yeo et al. [43]). The spatial data pro-

vided by the Department of Agriculture Muar did not have the attributed information, 

such as tree height, building height, and surface materials, that are required to run the 

ENVI-met simulation. Therefore, a field survey was conducted to update the LULC map 

and collect all the tree height, building height, and surface material information for ENVI-

Figure 1. A conceptual-methodological framework examining the interrelationships between land
use land cover (LULC) and human thermal comfort (HTC).

2. Materials and Methods
2.1. Study Area

The study area was in the Muar district of Peninsular Malaysia. Maximum, mean, and
minimum temperatures in Malaysia range from 29.79 to 33.50 ◦C, 25.76 to 28.28 ◦C, and
22.75 to 25.15 ◦C, respectively [42]. Three areas were plotted, as shown in Figure 2. The
dimension of the plots is 2.7 km × 1.8 km. The plotted areas were selected on the basis of
the compactness of built-up areas and LULC (see Yeo et al. [43]). The spatial data provided
by the Department of Agriculture Muar did not have the attributed information, such as
tree height, building height, and surface materials, that are required to run the ENVI-met
simulation. Therefore, a field survey was conducted to update the LULC map and collect all
the tree height, building height, and surface material information for ENVI-met simulation.
The surface materials were identified on-site; tree height was calculated using the basic
trigonometry-tangent method (see Larsen et al. [44]), and building height was calculated
by the number of floors—one floor is equivalent to a three-meter height.
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Figure 2. Land use land cover map of Muar. Source: The latest available spatial dataset was obtained from the Department
of Agriculture Muar, year 2010.

In the Muar district, plant specifies are diversified. One of the constraints was to collect
information (e.g., leaf area index, clear trunk height, and canopy structure) on various
trees. For this reason, instead of using the local plant species to create a new database,
we adopted the existing ENVI-met plant database. Hence, we only identified the most
found species in Muar (see Table 1) and coded them into the ENVI-met plant database
accordingly.

Table 1. Common species of plants found in Muar.

Scientific Name Common Name Height LAI (Canopy) LAD

Tree
Samanea saman Rain Tree 20 2.5 (Open) Dense
Parkia speciosa Petai 15 2.5 (Open) Dense

Pterocarpus indicus Angsana 20 4.0 (Dense) Very Dense
Mangifera indica Mango Tree 10 4.0 (Dense) Very Dense
Ficus microcarpa Malayan Banyan 15 3.0 (Intermediate) Very Dense

Peltophorum pterocarpum Jermelang Laut 20 3.0 (Intermediate) Very Dense
Durio zibethinus Durian Tree 25 3.0 (Intermediate) Very Dense
Hevea brasiliensis Rubber Tree 15 3.0 (Intermediate) Very Dense

Calophyllum inophyllum Penaga Laut, 10 3.0 (Intermediate) Very Dense

Palm
Elaeis guineensis Oil Palm 10–15 2.5 (Solitary) Dense

Cocos nucifera Coconut 10–20 2.5 (Solitary) Dense
Adonidia merrillii Manila Palm 10 2.5 (Solitary) Dense

Source: We elicited the leaf area index (LAI) data from the National Park, Singapore government portal [45] to
categorize their density (LAD) according to the ENVI-met plant databases.
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2.2. ENVI-Met 4 as a Microclimate Simulation Model

The creation of a microclimate simulation model (ENVI-met) has allowed researchers
and practitioners around the world to simulate and study the surface–plant–air interac-
tions [46]. In fact, Ali-Toudert and Mayer [47] posit that ENVI-met is suitable for analyzing
thermal comfort because it considers various climatic factors, including air and surface
temperatures, wind speed and direction, air humidity, short-wave, and long-wave radia-
tion fluxes, and mean radiant temperature. Evidence suggests that the results simulated
using ENVI-met are commendable, i.e., many scholars posit that the simulated results have
shown some good agreement with empirical site measurement (see Spangenberg et al. [48];
Peng & Jim, [49]; Berkovic et al. [37]).

2.2.1. Input Parameters

Model input parameters are required to perform a simulation through ENVI-met, for
example, area input file, configuration file, and database [50]. Besides, it is important to
know certain assumptions in ENVI-met. For instance, the assumptions in the ENVI-met
simulation are that: (i) the terrain is always flat; (ii) the shape of the building is in box-shape;
(iii) initial meteorological settings need to be set as trial and error until getting a good
linkage with measurement data; (iv) there is a constant wind profile; (v) buildings have a
constant temperature where anthropogenic heat is not calculated; and (vi) there is a need
to configure the tree details such as height and LAI, otherwise the existing database can
be used as a representation (Berkovic et al. [37], p. 1175). Under this assumption, it is
important to test or validate the simulated results with on-site measurement or data from
the meteorological department.

2.2.2. Area Input File

For the area input file, we derived the spatial data from ArcGIS and converted them
to the ASCII format, using a conversion tool in GIS, i.e., Raster to ASCII. ASCII is a text
file representing raster data. The ASCII data are longer because of the conversion of digits
from a single unit to binary units to ease the coding process afterwards. Next, all the ASCII
codes were re-processed in WordPad, following the standard unit of binary codes in the
ENVI-met database (see the maps in Figure 3). During the re-coding process, the search
and replace tool in WordPad was used. All the existing codes were replaced with building,
vegetation, soil, and surface material model codes in ENVI-met. For instance, a building
using numbers like 03 is equivalent to a 3 m height building, while 15 means a 15 m height
building. The vegetation model has its own code as well, for instance, grass (XX), 15 m
height tree (SK), 20 m height tree (SM), 10 m height tree (T1). Similar steps were applied to
the soil and surface material models as well. It is important to note that when recoding in
WordPad, no data value will appear in number −9999. Therefore, if data were in the form of
numbers, they must be treated first, otherwise when importing to ENVI-met, the software
may not recognize the numbers. After importing, an area input file was generated by
ENVI-met itself, shown in Figure 3. The size of the model was 2.7 km × 1.8 km. The details
of the buildings, vegetation, and surface materials are explained from Sections 2.2.3–2.2.5.
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2.2.3. The Building Model

The height of the buildings ranged from 3 to 54 m (see Figure 4). At the creating model
domain, we selected B (2)-brick walls (burned) for a default wall property, and R (1)-tiles
for the roof property for an urban area. Meanwhile, buildings in suburban areas were set to
brick walls (burned), since the thermal properties of every single structure is not possible
to define individually. On the other hand, there is no timber wall material in the database,
hence, we used the same B (2)-brick walls with modified thermal transmittance for rural
areas. For the roof properties, we selected IR—iron roof, the value of which was calculated
on the basis of the Malaysian standard (MS 2680:2017, p. 46 and 52).
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The indoor temperatures, thermal transmittance of the walls and roofs, and the albedo
coefficient of the walls and roofs are different for each respective site (see Table 2). The
indoor temperature Ta,i was set at 293 K (ISO, 2007) was kept constant during the simulation.
The thermal transmittance of the wall Kw was set on the basis of the wall of a typical
residential building in Malaysia (Saidur et al. [51]). For the albedo coefficient of the walls,
it was set at 0.3 for brick walls and 0.4 for timber walls (Taha et al. [52], p. 23). At the same
time, the albedo of the roof was based on the ENVI–met-material database.

Table 2. Building model set up.

Setup of Buildings Data Urban Suburb Rural

Temperature inside the buildings Ta,I [K]; 293 293 293
Thermal transmittance of the walls Kw [W/m2K] 2.15 2.15 3.05
Thermal transmittance of the roof Kr [W/m2K]; 0.23 0.23 0.37

Albedo coefficient of the walls aw [ad]; 0.3 0.3 0.4
Albedo coefficient of the roof ar [ad]. 0.5 0.5 0.6

2.2.4. The Vegetation Model

For the vegetation model, we only identified the most found species and generalized
them by their heights and densities (see Figure 5). For palm trees, such as Elaeis guineensis,
Cocos nucifera, and Adonidia merrillii, they were categorized under P1 (tree 10 m dense,
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leafless base) in the ENVI-met database that we had created, which we modified from
the existing database, T1. Meanwhile, trees, such as Pterocarpus indicus, Peltophorum
pterocarpum, Durio zibethinus, Samania saman and other forested species, were grouped into
one category and coded as SM (tree 20 m very dense, distinct crown layer). Parkia speciosa,
Ficus microcarpa, and Hevea brasiliensis were grouped and coded as SK (tree 15 m very dense,
distinct crown layer). Mangifera indica and Calophyllum inophyllum were coded as S1 (tree
10 m very dense, distinct crown layer), which we created by modifying from the existing
database, SK. The rest of the trees, especially those around 5 m height or below were all
classified as S2 (tree 5 m dense, distinct crown layer), modified from T1.

Sustainability 2021, 13, x FOR PEER REVIEW 8 of 23 
 

category and coded as SM (tree 20 m very dense, distinct crown layer). Parkia speciosa, 

Ficus microcarpa, and Hevea brasiliensis were grouped and coded as SK (tree 15 m very 

dense, distinct crown layer). Mangifera indica and Calophyllum inophyllum were coded as 

S1 (tree 10 m very dense, distinct crown layer), which we created by modifying from the 

existing database, SK. The rest of the trees, especially those around 5 m height or below 

were all classified as S2 (tree 5 m dense, distinct crown layer), modified from T1. 

 

Figure 5. Maps illustrating different types of density and heights of trees. 

2.2.5. Soil and Surface Material Models 

There are two categories of soil profile in our study areas, i.e., loamy soil and sandy 

soil. For loamy soil, it was coded as LO (loamy soil), while sandy soil was coded as SD 

(sandy soil). Meanwhile, most of the major roads are asphalt roads, so it was coded as ST 

(asphalt), while certain areas such as playgrounds, stadiums, or industrial areas are cov-

ered with a concrete render, hence they were coded as PL (concrete pavement light). 

Meanwhile, a few places are covered with natural granite stones, hence they were coded 

as GR (granite). Natural elements such as a river and lake were coded as WW (water), and 

groundcovers and shrubs were categorized as XX (grass 50 cm average, dense). The maps 

of the surface materials are referred to in Figure 6. 

B
an

d
ar M

ah
aran

i 

S
u

n
g

ai T
erap

 

A
y

er H
itam

 

Figure 5. Maps illustrating different types of density and heights of trees.

2.2.5. Soil and Surface Material Models

There are two categories of soil profile in our study areas, i.e., loamy soil and sandy
soil. For loamy soil, it was coded as LO (loamy soil), while sandy soil was coded as SD
(sandy soil). Meanwhile, most of the major roads are asphalt roads, so it was coded as
ST (asphalt), while certain areas such as playgrounds, stadiums, or industrial areas are
covered with a concrete render, hence they were coded as PL (concrete pavement light).
Meanwhile, a few places are covered with natural granite stones, hence they were coded as
GR (granite). Natural elements such as a river and lake were coded as WW (water), and
groundcovers and shrubs were categorized as XX (grass 50 cm average, dense). The maps
of the surface materials are referred to in Figure 6.
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2.3. Nesting Grid and Cell Size

Initially, we had attempted the simulation with the cell size of 10 m × 10 m in order
to cover the whole study area, alas, the simulation failed, due to the floating error, as the
computer was not able to handle the simulation or the software itself because it is not
appropriate for this large-scale simulation. One area took approximately 4 to 7 days to
complete the simulation and this process constantly faced crashes. For this reason, we
opted to increase the cell size to 15 m × 15 m. However, increasing the cell size may lead
to inaccurate results, because the smaller the cell size, the closer the simulated results with
the real experimental results [50]. Hence, to justify the validity of the constructed model,
comparing our simulated results with the data from Meteorological Department Malaysia
(MET) is mandatory (see Section 2.7).

2.4. Configuration File

For the configuration file (see Table 3), the basic setting included total simulation time,
meteorological settings, and output directory. To avoid problems arising and inaccuracy
results during the initialization of ENVI-met, the total simulation time was set to 48 h
and only the second day was used to exclude the initial transient condition. The reason
for the simulation date set was because, firstly, we just finished upgrading the entire
database. Secondly, 23 January 2016 was the day with a clear sky condition—little to
no clouds, on the basis of our observation for a consecutive week from 17 January 2016
to 23 January 2016. The basic meteorological data were acquired from the Malaysian
Meteorological Department [53]. The data included wind speed, wind direction, initial
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atmosphere temperature, specific humidity, and relative humidity. These input data were
as shown below.

Table 3. The configuration file of ENVI-met based on the authors’ setting.

Start Simulation at Day 21 January 2016
Start Simulation at Day 06:00:00
Total Simulation Time in Hours 48
Wind Speed in 10 m ab. Ground (m/s) 2.5
Wind Direction 45
Roughness Length z0 at reference point (m) 0.1
Initial Temperature Atmosphere (K) 303.15
Specific Humidity in 2500 m (g water/kg air) 7.8
Relative Humidity in 2 m (%) 60.3
Cloud cover 0

• The wind speed data from MET was in the km/h unit, therefore, to convert it to m/s,
it was multiplied by 1000 (km to m) and divided by 3600 (h to s). The wind speed
data acquired from MET was 9 km/h (average) and changed to 2.5 m/s after the
conversion. The wind direction was north east, and when changing to degree, it was
equivalent to 45◦.

• The roughness length (z0) was based on the terrain of the site (see Holmes, [54], pp. 60
on the terrain type and roughness length). The terrain of the Muar district is covered
by buildings with a 3 m to 6 m height, mostly. Hence, the z0 value was set to 0.1.
Besides, ENVI-met 4 only offers one option on z0 value, and that is 0.1.

• The air temperature of Muar (potential) was around 30 ◦C, so converting it to Kelvin
(K), it was equal to 303.15. Lastly, the relative humidity was set to 60.3 (average) and
the specific humidity was set to 7.8, respectively.

• The specific humidity at the 2500 m altitude was calculated on the basis of the converter
for the humidity of air [55].

All these basic meteorological settings were employed in the microclimate simulation
for urban, suburban, and rural areas. It is important to note that, the input data in the
configuration file may need to change from time to time until obtaining reliable results
(refer to Section 2.7 for the sensitivity result).

2.5. Output File

To calculate HTC, we used the built-in function of ENVI-met 4, namely BioMET v1.01.
We did not consider the age group of the people, clothing insulation, and metabolic rate;
hence, we applied the default values of clothing insulation (0.9 clo) and metabolism (164.39)
in BIOMET, which is based on the standard human ISO 7730. The PMV of the reference
person is a 35-year-old male, with a height of 1.75 m and a weight of 75 kg [56] (p. 7). For
detailed explanations on how the PMV index was used, the article by Berkovic et al. [37]
(pp. 1175–1176) can be referred to, where the authors described the heat exchange between
the human body and the thermal environment. Later, we also used the Rayman 1.2 model
to calculate the PET value on 24 selected spots and compared it with the PMV values
extracted from the ENVI-met simulation.

2.6. Rayman for PET Calculation

Rayman version 1.2 was used to calculate the PET index. We set the date and time in
the Rayman model, including the geographic data (Figure 7). The parameters such as air
temperature, relative humidity, wind speed, mean radiant temperature, and cloud cover
(octas) were extracted from ENVI-met and subsequently keyed into the Rayman 1.2 model.
Lastly, personal data, types of clothing, and activities were adjusted on the basis of the
standard value of ENVI-met.
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2.7. ENVI-Met Model Reliability and Validation Test

The majority of the ENVI-met simulations were validated, known as the sensitiv-
ity analysis, through site measurement before finalizing their modelled results. Some
research tested on one or two microclimate parameters, such as air temperature (e.g., Ghaf-
farianhoseini et al. [40]; Peng and Jim, [28]), while other research tested more than two
microclimate parameters, such as such as air temperature, surface temperature, relative
humidity, global radiation, and solar radiation (e.g., Salata et al. [50]; Liu et al. [57]). In
this study, we only tested on air temperature data, since there is a limitation to acquire all
the data from the Meteorological Department of Malaysia (MET). To validate the model
predictions corresponding to a real situation, most common statistical factors used are
the coefficient of determination (R2) accompanied by a test of significance, the Root Mean
Square Error (RMSE) and the Willmott’s index of agreement (d) that varies between 0
to 1 for evaluating the goodness-of-fit [58]. There is no absolute recommendation for
the values for R2 and d, but as a rule of thumb, the value closer to 1 indicates a perfect
agreement, and closer to 0 indicates a weak agreement. Meanwhile for RMSE, the smaller
the values the better. Salata et al. [50] has summarized a list of average R2, RMSE, and d
values from different studies; the commonly reported result for the validation test usually
has an average value of 0.82 (R2), 1.84 (RMSE), and 0.78 (d). Our results are R2 = 0.877
(p-value < 0.005), RMSE = 1.127, and d = 0.916, which are better than the average values
reported in the previous study. This means that the simulated results from ENVI-met are
considered reliable (see Figure 8). Our result from 9 a.m. to 7 p.m. was quite consistent
with the approximate 1 ◦C variation, while after 10 p.m. to 12 a.m., the gap broadened to
a 2 ◦C variation. These may be due to several factors, but not limited to, e.g., the diurnal
variations overestimation or the over-calibration of configuration files in ENVI-met to
achieve a good model fitness, and there is a possibility of the large cell sizes affecting the
long-wave radiation calculation of the model. Nevertheless, this does not mean that the
accuracy of the result would be affected, because the data point used only showed a 0.5 ◦C
variation at 6 p.m.
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Figure 8. A comparison between air temperature from Meteorological Department Malaysia (MET)
(observed) and predicted air temperatures (model) for Bandar Maharani (urban area).

2.8. Modification of PMV and PET

In this paper, we only displayed the PMV and PET distribution results at 6 p.m.
because it was the peak hour, in which people were having their outdoor recreational
activities. It is worth to note that the thermal comfort perception for temperate and tropical
regions are slightly different. For instance, people who stay in the tropical region are likely
to have better heat tolerance than temperate regions (see Makaremi et al. [38]). This study
specifically adapted the PET index by Makaremi et al. [38] and Ghaffarianhoseini et al. [40]
and modified the PMV index by Honjo [26] to better fit the thermal perception classification
of PET (see Table 4).

Table 4. Thermal perception classification and physiological stress for the tropical climate in Malaysia.

PMV PET Thermal Perception Physiological Stress

- <14 Very cold Extreme cold stress
- 14–18 Cold Strong cold stress
- 18–22 Cool Moderate cold stress
- 22–26 Slightly cool Slight cold stress

0.5 to 1.5 26–30 Neutral/Comfortable No thermal stress
1.5 to 2.5 30–34 Slightly warm Slight heat stress
2.5 to 3.2 34–38 Warm Moderate heat stress
3.2 to 4.0 38–42 Hot Strong heat stress

>4.0 >42 Very hot Extreme heat stress
Source: Modified from Honjo [26] and Makaremi et al. [38].

3. Results & Discussion

The results presented here are separated into three sections to answer how LULC
affects HTC. Firstly, Section 3.1 illustrates the overall thermal perceptions between urban,
suburban, and rural areas. Next, Section 3.2 explains how different types of LULC affect
the change of air temperatures from 12 p.m. to 12 a.m. Lastly, Section 3.3 discourses
the thermal perceptions (PMV and PET) of the people and their physiological stress at
randomly selected points of different LULC.

3.1. Mapping Thermal Comfort of Urban, Suburban, and Rural Areas

The simulation result, shown in Figure 9, illustrates that 25% of Bandar Maharani’s
areas had a PMV value ranging from 3.4 to 3.9. This connotes that people have a propensity
to undergo hot thermal sensation and strong physiological heat stress even though it was
around 6 p.m. and close to sunset. Those areas included asphalt roads, car park areas, and
sandy and loamy soil surfaces that lacked shaded trees and infrastructures. Worse still,
2% of the areas had a PMV value reaching 4.1. On the other hand, 47% of the areas had a
PMV around 2.6 to 2.9. Most of these areas were grass-covered and without the existence
of trees. While only 8% of the areas were below the PMV of 2.4, those areas happened to
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be shaded by trees and buildings (e.g., lowland forest, agriculture plantation, and alleys).
Nevertheless, people still felt slightly warm and experienced slight heat stress. In this
case, we believe PMV values ranging between 1.5 and 2.5 are generally acceptable by most
people in Malaysia because those living in a tropical region usually have a better tolerance
towards heat [38]. Similarly, Berkovic et al. [37] also posit that the PMV value below 2.0 is
considered as a desirable condition.

As opposed to Bandar Maharani, more than half of the areas of Sungai Terap had a
PMV value around and/or less than 2.4. Most of these areas were covered with agricultural
plantations (e.g., durian trees, rubber trees, and oil palms), and the trees shade most of the
surface areas, thus obstructing and storing heat from solar radiation. This situation also
promotes evaporative cooling through leaf absorption, transmission, and reflection [14,15].
Similarly, Ayer Hitam’s LULC consisted of many agricultural plantations (62%), and it is
partially covered with the lowland secondary forest (13%). Of Ayer Hitam areas, 43% had
PMV between 2.1 and 2.4, in which we anticipated that the thermal comfort of suburban
and rural areas should be alike. However, the result showed a variation, due to the
excessive vacant ground surface, i.e., 10% of the area had PMV around 3.4 and above,
which took place at the vacant ground.
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3.2. LULC Influencing the Air Temperatures Distribution

The diurnal variation of air temperatures (23 January 2016) showed that the highest
air temperatures in the urban, suburb, and rural areas were found at LULC with man-
made features. The points of the receptors are shown in Figure 6. For instance, Bandar
Maharani (Figure 10) and Ayer Hitam (Figure 11) had the highest air temperatures (33.5 ◦C
and 32.8 ◦C) at 4 p.m. on asphalt surface. Surprisingly, the concrete surface of Sungai
Terap (Figure 12) exhibited a hotter air temperature (33.1 ◦C) than the asphalt surface
(32.9 ◦C) compared to Bandar Maharani, where the asphalt surface (33.5 ◦C) had a slightly
higher air temperature than the concrete surface (33.3 ◦C) at 4 p.m.. We suspect that
this phenomenon happened due to the total area and coverage of the albedo material.
The concrete surface at Bandar Maharani is much smaller than the one at Sungai Terap.
Thus, the reflection of short-wave radiation on the concrete surface at Sungai Terap was
higher than Bandar Maharani; it contributed to warming up the air mass and consequently
resulted in the increase of the air temperature. On the other hand, since the asphalt road
is mainly surrounded by agricultural plantation providing evaporative cooling, it could
possibly lower the surrounding air temperature. In this case, it is difficult to judge the de
facto factors affecting the temperature. Hence, more studies regarding this scenario can be
conducted.
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Figure 10. Air temperatures in relation to different types of LULC for Bandar Maharani.
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Figure 11. Air temperatures in relation to different types of LULC for Ayer Hitam.
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From the graphs, illustrated in Figures 10–12, we noticed that the area covered by trees
had the lowest air temperature, most of the time, whereas the air temperatures near built-
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up, concrete, and asphalt areas were relatively higher than tree-covered and lawn areas.
These findings affirm previous studies [14,15,18,59] that the air temperature of non-natural
features, especially on the low-albedo surface (e.g., dark asphalt road), is higher compared
to natural features, such as forested areas. Meanwhile, sandy and loamy surfaces tend to
emit more heat during nighttime. One of the factors was that they absorbed heat slowly
during daytime, and thus the heat was retained much longer. As a result, the long-wave
radiation was slowly released during nighttime. The size of the LULC also influenced
the heat absorption; the loamy surface at the rural area which is wider than suburb area
accumulated higher heat. Indeed, the study area, Muar, is faced with the urban heat island
effect, where our simulated results have demonstrated that temperatures of LULC at urban
areas were warmer than suburban and rural areas by 1 to 2 ◦C during night time.

3.3. LULC and Human Thermal Comfort

The simulation results extracted from ENVI-met 4 and calculated by Rayman 1.2 are
presented in Tables 5–7, respectively. The points of the receptors are shown in Figure 9. The
vapor pressure was automatically calculated by Rayman, after keying in the information
of the air temperature and humidity. The dense canopy forested area, with an average
of 20 meters’ height, FR (1), at Bandar Maharani had the lowest PMV and PET (see
Table 5), compared to other spatial settings. This suggests that people were inclined to
experience slight heat stress and feel slightly warm, but it is still under an acceptable
thermal preference. We anticipated that during cloudy days, the comfort level would be
much better because the solar radiation is more intense under the clear sky condition (see
Emmanuel et al. [60]). Within a forested area with the average 15 m height, FR (2), the PMV
and PET were slightly higher than FR (1), due to the low wind speed and the high mean
radiant temperature (Tmrt). The wind speed was particularly low in FR (2) because the
surrounding buildings obstructed its speed and altered the direction. Meanwhile, the Tmrt
of FR (2) was slightly higher because the tree height and density were different from FR (1).
This also has been reported by Spangenberg et al. [48] that a high-density canopy performs
better than a low-density canopy in mitigating the Tmrt value.

Table 5. Thermal perception on different types of spatial setting at Bandar Maharani.

Receptors Air Temp. Relative Humidity Wind Velocity Tmrt PMV PET

GS (1) 33.06 47.52 1.48 42.76 3.0 36.7
GS (2) 32.55 49.15 1.66 42.76 2.9 36.0
FR (1) 32.45 49.24 0.92 34.14 2.4 33.1
FR (2) 32.52 52.64 0.25 35.65 2.6 34.4
AP (1) 32.85 48.23 1.61 55.35 3.7 41.5
AP (2) 32.94 48.15 1.98 55.15 3.6 41
LO (1) 32.76 48.51 1.81 55.27 3.6 41.2
SA (1) 32.71 48.50 2.30 55.08 3.5 40.4

Note: GS (1) and GS (2): lawn area; FR (1) and FR (2): tree canopies; AP (1) and AP (2): asphalt road; LO (1):
loamy soil; SA (1): sandy area.

Table 6. Thermal perception on different types of spatial setting at Sungai Terap.

Receptors Air Temp. Relative Humidity Wind Velocity Tmrt PMV PET

GS (1) 31.48 56.65 1.53 38.99 2.5 33.8
FR (1) 31.19 59.59 1.06 30.71 2.1 30.7
FR (2) 31.35 59.31 0.85 32.75 2.3 31.8
AP (1) 32.50 51.28 0.59 50.58 3.7 41.1
CO (1) 32.57 51.29 2.03 50.71 3.3 39.0
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Table 6. Cont.

Receptors Air Temp. Relative Humidity Wind Velocity Tmrt PMV PET

LO (1) 31.50 56.28 1.85 51.28 3.2 38.3
SA (1) 31.33 58.94 2.34 50.88 3.1 37.5
SA (2) 31.64 57.75 1.21 51.32 3.4 39.5

Note: GS (1) and GS (2): lawn area; FR (1) and FR (2): tree canopies; AP (1) and AP (2): asphalt road; LO (1):
loamy soil; CO (1): concrete surface; SA (1): sandy area.

Table 7. Thermal perception on different types of spatial setting at Ayer Hitam.

Receptors Air Temp. Relative Humidity Wind Velocity Tmrt PMV PET

GS (1) 32.21 51.95 1.71 40.18 2.7 34.7
GS (2) 31.68 54.61 1.43 40.15 2.6 34.6
GS (3) 31.44 56.88 1.59 40.08 2.6 34.1
FR (1) 31.65 57.57 0.27 33.55 2.4 32.8
FR (2) 31.14 67.49 0.32 33.55 2.4 32.6
AP (1) 31.49 58.47 0.85 52.29 3.5 40.6
LO (1) 31.75 53.28 2.52 52.20 3.2 38.2
SA (1) 31.92 52.40 1.89 52.04 3.3 38.9

Note: GS (1) and GS (2): lawn area; FR (1) and FR (2): tree canopies; AP (1) and AP (2): asphalt road; LO (1):
loamy soil; SA (1): sandy area.

For the grass-covered areas (Table 5), GS (1) and GS (2), people were feeling warm and
experiencing moderate heat stress. Albeit both areas were classified as the same thermal
perception and physiological stress, GS (2) performed slightly better than GS (1). One of the
contributing factors is the size. The size of grass-covered areas at GS (1) is almost twice the
size of GS (2). A huge patch of grass-covered areas have the higher propensity to convert
some of the solar energy into sensible heat on the basis of the Penman–Monteith equation,
where many small patches of grass areas are more effective in providing the cooling effect
through evapotranspiration, due to the oasis effect (see Armson et al. [18]). Besides, the
wind speed of GS (2) was slightly better than GS (1), which also may improve the human
thermal comfort through convection. As a result, the HTC of GS (2) is better than GS (1).

For the asphalt road—AP (1) and car park—AP (2), both sites were categorized in the
same thermal classification, in which people felt hot and experienced strong heat stress.
This is because both points AP (1) and AP (2) were directly exposed to the direct solar
radiation (without shading), and the asphalt surface was heated up much more than the
greenery, due to its albedo properties. Similar case also happened to LO (1) and SA (1),
where the surface temperatures of AP (1), AP (2), LO (1), and SA (1) were also likely
to escalate the long-wave radiation from urban surfaces and contribute to the increase
of Tmrt. This suggests that the increase of Tmrt has shown a relationship with human
thermal comfort. Our results presented here shows a positive correlation between Tmrt
and PMV or PET. When Tmrt decreases, PMV and PET also decrease and vice versa. These
findings are in line with the assertion of Thorsson et al. [33] and Berkovic et al. [37], in
which the thermal perception is correlated with Tmrt. From the readings of Tmrt (Table 5),
it suggests that the use of high albedo for outdoor LULC seems to be more appropriate,
due to the inference of PMV and PET. However, this is not always the case, because of
the time factor. Our measurement was based on 6 p.m., during which the reflection of
solar radiation was not that intense. Thus, the absorption of solar radiation by low albedo
materials, such as AP, LO, and SA increased the long-wave radiation, and that was the main
factor contributing to thermal distress. In reality, people are more active during daytime;
thus, it is not encouraged to use high albedo materials for paths or routes, due to the high
reflection rate of solar radiation. Meanwhile, to promote synergies between creating a
comfort environment and mitigating the UHI effect, the use of high albedo materials for
roof top areas are much desired [61].

Similarly, dense canopy agricultural plantations (20 m height)—FR (1) and FR (2)
at Sungai Terap had the lowest PMV and PET values (see Table 6). The PMV and PET
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values at different spatial settings of Sungai Terap were lower than Bandar Maharani. For
instance, Bandar Maharani has more urban structures (44.08%), while Sungai Terap has
more canopy trees (78.41%). Practically, this will affect the surface radiation and energy
balances; trees can act as the medium for blocking-off the direct short-wave radiation from
the sun, reducing sky-view factors, and promoting evapotranspiration.

Both FR (1) and FR (2) had PMV and PET values, classified as a slightly warm thermal
perception, where people experienced slight heat stress. Nevertheless, the PMV and PET
values of the dense canopy area FR (1) near the waterbody of Sungai Terap had better PMV
and PET values compared to FR (2). This is because FR (1) was synergized well with the
river, thereby improving the cooling effect of the waterbody on HTC. This also has been
affirmed by Xu et al. [62] that the human comfort level in an vegetated area at a littoral
zone may perform more effectively than non-vegetated areas. However, it was also pointed
out by Theeuwes et al. [63] and Xu et al. [64] that a waterbody could hamper the heat
balance and sensations of the human body and could cause sensory discomfort through
the increase of humidity. In our context, we believe that the illation of humidity is not that
significant, compared to wind velocity and Tmrt. Meanwhile, it is worth noting that the
cooling effect of the waterbody is only effective during daytime, when the night warming
effect is triggered [63]. Hence, it is important to consider the advantages and disadvantages
when proposing a waterbody in designing and planning for our everyday landscapes
because it does not always entail that the more waterbodies are provided, the better they
contribute towards human thermal comfort. Next, AP (1) and CO (1) were considered as
the hottest areas in which people tended to feel hot and experience strong heat stress. The
PMV and PET values of CO (1) were lower than AP (1), which was not surprising at all due
to the strong wind promoting heat to leave the bodies through convection. Consequently,
the thermal comfort perception of the people at CO (1) was slightly better than AP (1).

As for Ayer Hitam, relatively similar to Sungai Terap, the PMV and PET values of
different spatial settings were slightly better than Bandar Maharani. The lowest PMV
and PET values (see Table 7) still occurred at a dense canopy forested area—FR (1) and a
dense canopy agricultural plantation—FR (2). The highest PMV and PET values, due to
asphalt roads AP (1), exhibited the same results as Bandar Maharani and Sungai Terap.
In this section, we highlighted three different grass-covered areas—GS (1), GS (2), and
GS (3), respectively (see Figure 8, Ayer Hitam’s map), with different contextual settings.
For instance, GS (1) was surrounded by barren ground, GS (2) was surrounded by an
agricultural plantation, and GS (3) was surrounded by wild grasses. Our results demon-
strated that the variation is not apparently significant, however, the value of PET showed
some small changes. That is, GS (3) was slightly better than GS (1) and GS (2), due to the
low air temperature and Tmrt. This was probably due to the air humidity and the wind
speed. Even though GS (1) was a windy area, due to its openness, the air temperature was
considerably high, due to the influence of the surrounding barren ground. Meanwhile, the
air temperature at the location of GS (3) was lower than GS (2), due to the existence of adja-
cent trees. The adjacent trees also restricted the wind speed and direction, hence affecting
the wind flow to ventilate the heat. Therefore, for the spatial design for the purpose of
improving the thermal comfort of the people, it is pivotal to consider multiple perspectives,
including the location, tree species (canopy), surface material (albedo), sky-view factor,
and wind direction and speed for better coordinated decision making, especially in the
microclimate regulation.

4. Conclusions and Recommendations

HTC is an essential element in the built environment; improving HTC is challenging,
considering its various aspects/determinants (e.g., air temperature, humidity, wind speed).
Although numerous studies have been conducted to investigate how physical planning
factors (i.e., LULC) influence UHI, very few were focused on a spectrum of urban-suburb-
rural effects on HTC. Considering the large number of man-made features in urban areas,
a general assumption is that urban areas are always warmer than suburbs, and suburban
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areas are warmer than rural areas. Our findings on the air temperature distribution agree
with this statement; the air temperature for various LULC in urban areas is 1 to 2 ◦C hotter
than suburban and rural areas. However, the influence of LULC towards HTC shows a
different trend, in which the key findings are summarized as follows:

First, it is demonstrated that people living in an urban area have a higher chance to
experience strong heat stress and hot thermal sensation, where 25% of the areas have PMV
ranging from 3.4 to 3.9, and 2% of the areas have PMV reaching as high as 4.1, followed
by 43% of the rural areas with PMV ranging from 2.1 to 2.4, and lastly the suburban area
(more than 50% of the areas with PMV values less than 2.4). This shows that people in
rural areas are at times susceptible to experiencing heat stress and hot thermal sensation.
The reason is that people living in the rural area, in our case, tend to experience higher
heat stress, due to the excessive heat generated from deforested barren land. Hence, the
general assumption that rural areas have better HTC may not always be true, due to lower
air temperature distribution. Second, our findings also show that tree-covered areas have
the lower thermal index with PMV ranging from 2.1 to 2.4 and PET from 30.7 to 34.4,
compared to open areas, such as asphalt streets, car parks, concrete areas, and sandy and
loamy areas—vacant land with PMV ranging from 2.9 to 3.7 and PET ranging from 33.8
to 41.5. Meanwhile, tree-covered areas near the river in the suburban area afforded the
best thermal experience with PMV of 2.1 and PET of 30.7, due to evaporative cooling and
shading effects. This signifies that the synergy between the water element and greenery is
crucial to create a more comfortable environment. This further suggests that future urban
and city development can consider including these two factors into planning and design
consideration. More precisely, in the context of Malaysia’s strategic spatial planning system,
LULC-HTC considerations covering the following factors, namely tree species (canopy
density), surface material (albedo), sky-view factor, and wind direction and speed are
vital to be included in better devising statutory local plans (a land use/zoning plan) and
landscape plans. In sum, tree-covered areas offer the best thermal experiences followed by
grass-covered areas. Meanwhile, man-made features, such as asphalt streets and concrete
surfaces and vacant ground, be it sandy and loamy surfaces, offer the worst thermal
experiences to its users.

Despite the above contributions, this study is subject to some limitations; future re-
search can take them into consideration, particularly when doing a large-scale simulation.
First, this is one of the largest simulation maps presented to-date, hence time and hardware
factors restricted our simulation time to produce a more accurate result. Nevertheless, we
statistically proved the reliability of the results through the goodness-of-fit test by compar-
ing the coefficient correlation (R2), standard deviation errors (RMSE), and the agreement
index (d), in which all of them obtained optimal levels. Secondly, we only focused on
a specific timeframe to analyze how spatial variations in terms of urban-suburban-rural
settings influence the thermal comfort of the people. Hence, we suggest future research can
consider studying different timeframes, e.g., morning, afternoon, evening, and midnight
via a time-series approach. Besides, investigations towards suburban and rural areas are
highly encouraged because these areas are normally being neglected in the study of thermal
comfort, especially our findings have proven the significant role of dense canopy-covered
areas in suburban and rural areas in regulating the thermal comfort of people.

Since the microclimate simulation model has differentiated how various spatial set-
tings influence the thermal comfort of the people, this study helps stakeholders to identify
potential hotspots that can be treated. Besides, maps generated through the microclimate
simulation model also provide us with insights into which spatial settings and their sur-
rounding offer the best or worse thermal experiences, subsequently treatments can be
incorporated to reduce the heat intensity of these areas. Last but not least, these findings
are of practical significance, as they can be a guide to practitioners and policymakers, such
as landscape architects, urban planners and designers, and environmental engineers in
improving the human thermal experiences and subsequently promoting a more livable
and sustainable environment.
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