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Abstract: Cities inadvertently create warmer and drier urban climate conditions than their surround-
ing areas through urbanization that replaces natural surfaces with impervious materials. These
changes cause heat-related health problems and many studies suggest microclimatic urban design
(MUD) as an approach to address these problems. In MUD-related research, although terrestrial radi-
ation plays an important role in human thermal comfort and previous studies use thermal comfort
models to identify human heat stress, few studies have addressed the effect of terrestrial radiation.
This study develops the ground ratio factor (GRF) model to estimate the different terrestrial radia-
tion according to different ground conditions. Three types of ground materials (asphalt, concrete,
and grass) were considered in the model, and field studies were conducted in humid subtropical
climate (Cfa) zone during the hot season (13 July to 19 September 2020). The model was validated
by comparing the predicated terrestrial radiation (PTR) from the model with the actual terrestrial
radiation (ATR). The results showed that there is a statistically significant strong correlation between
PTR and ATR. The model can contribute to MUD strategies by updating existing human energy
budget models, which can lead to the measurement of more accurate human thermal comfort for
mitigating thermal environments.

Keywords: microclimatic urban design; terrestrial radiation; human thermal comfort; ground ra-
tio factor

1. Introduction

There is no doubt that global climate change is causing serious urban warming (Limaye
et al. 2018) and due to the rapid urbanization, cities often inadvertently create warmer and
drier urban climate conditions than their surrounding areas, which is known as the urban
heat island (UHI) phenomenon. These thermal environments cause heat-related health
problems [1,2]. Meanwhile, heat stress, which can be assessed by human energy budget
models, plays an important role in causing heat-related health. According to Epstein and
Moran [3], various age groups, including infants, children, and adults over 65, are most
vulnerable to heat-related death since they are more sensitive to excessive heat stress. Heat
stress can also reduce workers’ productivity and cause more serious heat-health problems,
especially in vulnerable groups [4].

While individuals have little control over the impact of global issues on heat-related
health, there is evidence that urban design ameliorates health problems by increasing
human thermal comfort and contributing to reduced heat stress at the urban level [5,6]. In
this regard, researchers suggest microclimatic urban design (MUD), which is the process
of determining the physical organization of buildings and open spaces in urban areas to
mitigate thermal environments [7]. Many studies are underway on MUD and they have
found that MUD has positive impacts on urban microclimate and heat-related health [8].
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Their strategies focus on green areas [9,10], surface of building and pavement [5,11], water
bodies [12–14], and structure of streets and buildings [15,16] at the micro- and mesoscale.

According to the MUD-related research, terrestrial radiation plays an important role
in outdoor human thermal comfort. Brown and Gillespie [17] demonstrated the effect of
terrestrial radiation on human thermal comfort through the COMFA model. They found
that terrestrial radiation absorbed by a person has negative effects on human thermal
comfort during the hot summer weather. All of the materials on Earth emit invisible
terrestrial radiation as a function of their surface temperature [18], and the warmer the
object is, the more terrestrial radiation it emits. This invisible energy has a significant effect
on outdoor human thermal comfort. Moreover, Shahidan et al. [18] demonstrated that the
solar radiation filtering capacity of trees reduces the terrestrial radiation by cooling the
ground, and it is related to improve outdoor thermal comfort in tropical open spaces.

Among the MUD elements, including green, surface, water body, and urban structure,
terrestrial radiation is related to the surface. However, surface-related studies have mostly
focused on the energy that varies with the albedo of different ground materials, and has
rarely considered the amount of terrestrial radiation emitted. Moreover, previous studies
have used thermal comfort models to calculate energy budgets that can identify the thermal
stress level [19], and there have been 165 thermal indices developed for estimating indoor
and outdoor thermal comfort levels [20]. However, the impact of terrestrial radiation
is not considered in most of the existing models. The existing models typically use air
temperature, solar radiation, relative humidity, and wind speed as the main microclimate
parameters. For example, Coccolo et al. [21] conducted a comprehensive review of models
and standards of outdoor thermal comfort and stress. A total of 21 thermal comfort models
were analyzed in their study. Among them, 11 models consider solar radiation, 21 models
consider air temperature, 19 models consider relative humidity, and 15 models consider
wind speed. Only one model, the COMFA, considers the terrestrial radiation absorbed by
a person, but it does not take into account the surrounding ground conditions at the point
where the subject is standing. It only considers the terrestrial radiation of the point where
the subject is standing.

By developing a model which can consider the various ground conditions, the ground
ratio (GR) of each material, and their terrestrial radiation, this study can contribute to
creating MUD strategies by updating existing energy budget models, which can lead to the
measurement of more accurate human thermal comfort. Therefore, the goals of the study
are to (1) present the need to consider terrestrial radiation for human energy budgets, (2)
develop a ground ratio factor (GRF) model that can estimate the difference in terrestrial
radiation according to different ground conditions, (3) validate the GRF model through
field testing, and (4) propose how the model can be used in microclimatic urban design to
ameliorate urban heat islands.

2. Methods
2.1. Ground Ratio Factor (GRF) Model
2.1.1. GRF

Terrestrial radiation will be emitted differently depending on ground conditions. For
example, a person standing on a place with 95% concrete and 5% grass will absorb more
terrestrial radiation from the ground than a person standing on a place with 100% grass.
This is due to the fact that concrete emits more energy in hot weather since it has a higher
temperature than grass (Figure 1). Therefore, GRF represents the ratio of different ground
materials to the location where a person is standing. In this study, the spatial range of
GRF was a radius of 3 m from where a person is standing. The CNR4 instrument used to
measure terrestrial radiation has a lower detector with a view of 150 degrees. Theoretically,
a detector with a view of 150 degrees installed at a height of 1.5 m has a measurable range
of a radius of 5.6 m. However, the actual measurements showed that the measurable range
was a radius of 3 m. The range has been established for the analysis of this study. The
application of additional space is possible depending on the results of the study.
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Figure 1. Concept of GRF.

2.1.2. GRF Model

To develop better thermal comfort models, this study attempted to develop the GRF
model that can calculate the different terrestrial radiation depending on the ground cover
ratio of various materials (Figure 2). Austrian physicists Stefan-Boltzmann, who made a
significant contribution to radiation and gases theory in the late 19th century, suggested
that energy-temperature relations should follow the law when the temperature is in Celsius
degrees (Equation (1)). According to the law, terrestrial radiation can be calculated by the
surface (ground) temperature.

Energy = σ (T + 273)4 (1)

where σ (Greek letter sigma) represents the constant of proportionality, called the Stefan-
Boltzmann constant. This constant has a value of 5.67 × 10−8 watt per meter squared per
kelvin to the fourth (W/m2 K4). T is the ground temperature in Celsius degrees.
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1. Ground temperature-based GRF (GRF-G) model

The Stefan-Boltzmann law was used to develop the model. The amount of different
terrestrial radiation depending on the ground cover ratio of various materials can be
calculated by the GRF-G model (Equation (2)). The ground temperature of various materials
can be used in the model. To calculate the ground ratio (GR), a radius of 3 m from where a
person stands is considered. GR values are from 0 to 100%. Then, the amount of terrestrial
radiation emitted by each different ground material was multiplied by the GR of the
corresponding material.

RT = Material A′s GR × σ (TAG + 273)4+ Material B′s GR × σ (TBG + 273)4

+ Material C′s GR × σ (TCG + 273)4 + Material D′s GR × σ (TDG + 273)4+

. . . + Material n′s GR × σ (TnG + 273)4
(2)

where RT is the predicted terrestrial radiation (W/m2), σ is the constant of proportionality
with a value 5.67 × 10−8 W/m2 K4, GR is the ground ratio, and TAG is the ground tem-
perature of material A, TBG is the ground temperature of material B, TCG is the ground
temperature of material C, TDG is the ground temperature of material D, and TnG is the
ground temperature of material n in Celsius degrees.

2. Air Temperature-based GRF (GRF-A) Model
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Air temperature data can be easily obtained through local weather stations, but
ground temperature data are generally not available [22]. Since only ground temperature
can be used in the model, an air temperature-based model was developed by converting
air temperature to ground temperature. To estimate the ground temperature, regression
analysis was used for each of the three ground materials (Equation (3)). Shamsipour
et al. [23] and Ariawan et al. [24] proposed the regression analysis to estimate ground
temperature using air temperature. The ground temperature was used as a dependent
variable and the air temperature as an independent variable. The results of the regression
analysis for asphalt, concrete, and grass were applied to the GRF-G model (Equation (4)).

Yi = β0 + β1Xi + εi (3)

where Yi is the dependent variable (ground temperature), β0 is the population Y intercept,
β1 is the population slope coefficient, Xi is the independent variable (air temperature), and
εi is the random error term.

RT = Material A′s GR× σ (YA + 273)4 + Material B′s GR× σ (YB + 273)4

+ Material C′s GR× σ (YC + 273)4 + Material D′s GR× σ (YD + 273)4 + . . .
+ Material n′s GR× σ (Yn + 273)4

(4)

where RT is the predicted terrestrial radiation (W/m2), σ is the constant of proportionality
with a value of 5.67 × 10−8 W/m2 K4, GR is the ground ratio, and YA is the ground tem-
perature of material A obtained from the regression analysis, YB is the ground temperature
of material B obtained from the regression analysis, YC is the ground temperature of ma-
terial C obtained from the regression analysis, YD is the ground temperature of material
D obtained from the regression analysis, and Yn is the ground temperature of material n
obtained from the regression analysis in Celsius degrees.

2.2. Field Study

Microclimate data may vary depending on the climate zone, time, and season [25].
Therefore, the scope of the study was narrowed to the Cfa climate zone (humid subtropical
climate) from the Köppen climate classification. The City of College Station, Texas, which
is located in the Cfa climate zone, was selected for the study. College Station has an hot
and humid weather in the summer and a cold and mild weather in the winter.

To develop the model, three types of ground materials were selected: Asphalt, concrete,
and grass. They cover most of the pavement types in College Station. Measurement spots
were selected where the boundary of two or three materials could be clearly distinguished
to accurately measure the GR. There was no shade with a full sun at all of the measuring
points (Figure 3). A total of nine measurement spots were selected: Three spots for asphalt-
concrete (A-C), two spots for asphalt-grass (A-G), two spots for concrete-grass (C-G), and
two spots for asphalt-concrete-grass (A-C-G).
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Field measurements were conducted for 16 days during the hot summer weather
from 13 July to 19 September 2020. The measurement time was selected from 10 AM
to 4 PM, a time of the day when people could easily be exposed to vulnerable thermal
environments. To develop the model for various weather conditions, warm (29.4–31.6 ◦C),
hot (31.7–35.0 ◦C), and very hot (over 35.0 ◦C), weather conditions were considered [26].
Measurements were conducted on sunny and mostly sunny days for accurate microclimatic
data (Table 1).

Table 1. List of measurement days, time, max and min temperature, and sky conditions.

Date Time
Ta (◦C)

Sky Condition
Max Min

13 July 2020 4–6 PM 38.33 37.79 Sunny

14 July 2020 4–6 PM 37.71 36.82 Sunny

3 August 2020 3–5 PM 36.86 36.37 Sunny

4 August 2020 3–5 PM 37.15 35.45 Sunny

13 August 2020 3–5 PM 38.92 38.58 Sunny

14 August 2020 12–2 PM 37.61 35.39 Sunny

15 August 2020 12–2 PM 37.68 35.37 Sunny

19 August 2020 11–1 PM 34.88 32.83 Sunny

20 August 2020 11–1 PM 34.57 33.73 Sunny

21 August 2020 12–2 PM 34.56 32.80 Sunny

23 August 2020 12–2 PM 35.94 33.12 Mostly Sunny

24 August 2020 11–1 PM 35.52 32.81 Mostly Sunny

25 August 2020 11–1 PM 31.90 29.32 Sunny

17 September 2020 4–6 PM 31.77 29.26 Mostly Sunny

18 September 2020 4–6 PM 31.75 30.24 Mostly Sunny

19 September 2020 4–6 PM 29.49 28.12 Sunny

2.2.1. Model Validation

To validate the model, this study compared the predicted terrestrial radiation (PTR)
calculated by the model with the actual terrestrial radiation (ATR). In this case, ATR was
measured simultaneously when measuring the microclimatic data for PTR for the nine
measurement spots. For the A-C, A-G, and C-G, ATR was measured at a point where the
GR value of the ground material was 0, 25, 50, 75, and 100% by moving the measuring
point (Figure 4). For the A-C-G, ATR was measured at the midpoint, where the GR of
asphalt, concrete, and grass are 25, 25, and 50%, respectively.
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2.2.2. Microclimatic Data

For the GRF-G model, this study measured the ground temperature to calculate the
predicted terrestrial radiation by the GRF-G model (PTR-G). The ground temperature was
measured vertically downward using the FLIR E6 thermal camera and Etekcity Infrared
Thermometer 774. For the GRF-A model, this study measured the air temperature to
calculate the predicted terrestrial radiation by the GRF-A model (PTR-A). The air temper-
ature was measured by the HMP155A-L sensor at 5-s intervals. To validate the model,
ATR was measured by the 4-component net radiometer (CNR4). The CNR4 radiometer
measures the energy balance between the incoming short-wave and long-wave far infrared
(FIR) radiation versus the surface-reflected short-wave and outgoing long-wave radiation.
Finally, the CR3000 data logger was used to collect the data (Table 2). The HMP 155A-L
sensor and CNR 4 radiometer were installed at 1.5 m above the ground.

Table 2. Microclimatic data measurement instruments.

Instruments Microclimate Variables Interval

HMP155A-L Sensor Air Temperature 5 s

FLIR E6 Infrared Camera and
Etekcity Infrared
Thermometer 774

Ground (Surface)
Temperature 1

CNR4 Net Radiometer Terrestrial Radiation 5 s

CR3000 Data Logger -

2.3. Data Analysis

To validate the model, this study compared the PTR with ATR. Pearson correlation
analysis was used to analyze the relationship. The model can be validated when the
relationship has a strong correlation with a statistically significant value at the 0.01 level.
The analysis was conducted in two parts: (1) The PTR-G was compared with ATR to
validate the GRF-G model and (2) the PTR-A was compared with ATR to validate the
GRF-A model (Figure 5).
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3. Results
3.1. Emissivity of the Ground Materials

Terrestrial radiation calculated by the Stefan-Boltzmann law should be multiplied by a
correction factor called the emissivity. The emissivity of material indicates its effectiveness
in emitting energy as thermal radiation. According to Brown and Gillespie [17], emissivity
is always greater than 0.9 for items of interest in landscape design. Therefore, an uncorrected
equation can usually be used when it is satisfied with the estimates within 10% of the reality.
However, this study used the calculated emissivity values in the model for a more accurate PTR
calculation. The emissivity of asphalt, concrete, and grass was calculated by comparing the PTR
and ATR, and their results were 0.94, 0.96, and 0.98, respectively (Table 3).
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Table 3. Emissivity and albedo of the ground materials.

Asphalt (Avg) Concrete (Avg) Grass (Avg)

Emissivity 0.94 0.96 0.98

Albedo 0.06 0.28 0.19

3.2. GRF-G Model

Four models were developed to calculate PTRs for A-C, A-G, C-G, and A-C-G. The
calculated PTRs were used in the model validation. Equation (5) is for A-C, Equation (6) is
for A-G, Equation (7) is for C-G, and Equation (8) is for A-C-G. Emissivity of asphalt (0.94),
concrete (0.96), and grass (0.98) was applied to the model.

RT = Asphalt′s GR× 5.67× 10−8 (TAsphalt_G + 273)4 × 0.94 + Concrete′s GR ×
5.67× 10−8 (TConcrete_G + 273)4 × 0.96

(5)

RT = Asphalt′s GR× 5.67× 10−8 (TAsphalt_G + 273)4 × 0.94 + Grass′s GR ×
5.67× 10−8 (TGrass_G + 273)4 × 0.98

(6)

RT = Concrete′s GR× 5.67× 10−8 (TConcrete_G + 273)4 × 0.96 + Grass′s GR ×
5.67× 10−8 (TGrass_G + 273)4 × 0.98

(7)

RT = Asphalt′s GR× 5.67× 10−8 (TAsphalt_G + 273)4 × 0.94 + Concrete′s GR ×
5.67× 10−8 (TConcrete_G + 273)4 × 0.96 + Grass′s GR ×

5.67× 10−8 (TGrass_G + 273)4 × 0.98
(8)

where RT is the predicted terrestrial radiation (W/m2), GR is the ground ratio, TAsphalt_G is
the ground temperature of asphalt, TConcrete_G is the ground temperature of concrete, and
Tgrass_G is the ground temperature of grass in Celsius degrees.

Table 4 shows the descriptive statistics of PTR-G and ATR. The samples for each
measurement points were 51 for A-C, 46 for A-C, 44 for C-G, and 39 for A-C-G. For the
A-C-G model, the mean of the PTR-G and ATR were 532.12 and 537.77 W/m2, the SD of the
PTR-G and ATR were 26.52 and 31.45 W/m2, and the range of the PTR-G and ATR were
from 507.66 to 609.70 W/m2 and from 498.14 to 601.16 W/m2, respectively. Other models
for A-C, A-G, and C-G also showed a similar distribution. Overall, the results showed that
the maximum, minimum, mean, and SD values of the PTR-G and ATR have very similar
distributions.

Table 4. Descriptive statistics of the PTR-G and ATR.

Material Max (W/m2) Mean (W/m2) Min (W/m2) SD (W/m2)

A-C
PTR-G 659.69 574.80 521.00 37.21

ATR 666.51 574.33 523.01 39.07

A-G
PTR-G 614.47 547.05 503.45 28.33

ATR 628.66 550.34 506.91 32.80

C-G
PTR-G 560.77 518.49 491.47 17.74

ATR 567.58 525.11 495.61 18.20

A-C-G
PTR-G 609.70 532.15 507.66 26.52

ATR 601.16 537.77 498.14 29.45

3.3. GRF-A Model

To estimate the ground temperature using air temperature, regression analysis was
used for each of the three ground materials [24,25]. Equations (9)–(11) showed the result of
asphalt, concrete, and grass, respectively. R2 values of asphalt, concrete, and grass were
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0.762, 0.663, and 0.567, respectively. Moreover, three equations were statistically significant
at the 0.01 level.

Tasphalt = −20 + 2× Tair (R2 = 0.762, p < 0.01) (9)

Tconcrete = 8.5 + Tair (R2 = 0.663, p < 0.01) (10)

Tgrass = 13 + 0.6× Tair (R2 = 0.567, p < 0.01) (11)

where Tasphalt is the predicted ground temperature of asphalt, Tconcrete is the predicted
ground temperature of concrete, Tgrass is the predicted ground temperature of grass, and
Tair is the air temperature.

The ground temperature parts of the GRF-G model for each material were replaced by
the equations created by the regression analysis, as follows:

RT = Asphalt′s GR× 5.67× 10−8 ((−20 + 2× Tair) + 273)4 × 0.94 +

Concrete′s GR× 5.67× 10−8 ((8.5 + Tair) + 273)4 × 0.96 + Grass′s GR ×
5.67× 10−8 ((13 + 0.6× Tair) + 273)4 × 0.98

(12)

where RT is the terrestrial radiation (W/m2), GR is the ground ratio, and Tair is the air
temperature in Celsius degrees.

Table 5 shows the descriptive statistics of PTR-A and ATR. The results of the ATR were
the same as in the GRF-G section. For the A-C-G model, the mean of the PTR-A and ATR
were 532.96 and 537.77 W/m2, the SD of the PTR-A and ATR were 20.39 and 29.45 W/m2,
and the range of the PTR-A and ATR were from 488.90 to 563.10 W/m2 and from 498.14 to
601.16 W/m2, respectively. Other models for A-C, A-G, and C-G also showed a similar
distribution. Overall, the value of the ATR is slightly higher than the PTR-A. According to
the results, two values of the PTR-A and ATR showed similar distributions.

Table 5. Descriptive statistics of the PTR-A and ATR.

Material Max (W/m2) Mean (W/m2) Min (W/m2) SD (W/m2)

A-C
PTR-A 614.62 570.79 506.61 37.81

ATR 666.51 574.33 523.01 39.07

A-G
PTR-A 582.65 545.19 491.42 32.51

ATR 628.66 550.34 506.91 32.80

C-G
PTR-A 547.30 522.41 490.44 21.68

ATR 567.58 525.11 495.61 18.20

A-C-G
PTR-A 563.10 532.96 488.90 20.39

ATR 601.16 537.77 498.14 29.45

3.4. Model Validation
3.4.1. GRF-G Model

The results showed that the PTR-G and ATR were significantly positively correlated.
The results of the correlation analysis are as follows: The correlation coefficients of the PTR-
G and ATR for A-C, A-G, C-G, and A-C-G are 0.918, 0.924, 0.903, and 0.841, respectively
(Figure 6, Table 6). Most of the researchers may agree that the correlation coefficients
which are less than 0.1 are negligible and greater than 0.9, and represent a very strong
correlation. However, the interpretation of various correlation coefficients between 0 and 1
is still controversial. Therefore, it is important that specific coefficients should be carefully
interpreted as measuring the strength of the relationship in the context of the scientific
questions presented [27].
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Table 6. Correlation coefficient between the PTR-G and ATR.

PTR-G (A-C) PTR-G (A-G) PTR-G (C-G) PTR-G (A-C-G)

ATR 0.918 ** 0.924 ** 0.903 ** 0.841 **
** Correlation is significant at the 0.01 level.

Schober et al. [27] attempted to interpret the correlation coefficients. They argued that
if the absolute magnitude of the observed correlation coefficient is between 0.70 and 0.89, it
shows that there is a strong correlation. Moreover, if the observed correlation coefficient
is greater than 0.9, there is a very strong correlation. According to their definition, the
results of this study showed that there is a strong or very strong correlation between the
PTR-G and ATR (correlation coefficients = 0.841~0.924). All of the results were statistically
significant at the 0.01 level. Therefore, the GRF-G model can be used for calculating the
terrestrial radiation using the ground temperature for different ground conditions.

3.4.2. GRF-A Model

The results showed that there is a positive correlation between the PTR-A and ATR.
The correlation coefficients of the PTR-A and ATR for A-C, A-G, C-G, and A-C-G are
0.781, 0.842, 0.821, and 0.779, respectively (Table 7). According to the definition of Schober
et al. [27], there is a strong correlation between the PTR-A and ATR, which is statistically
significant at the 0.01 level. Therefore, the GRF-A model can be used for calculating the
terrestrial radiation of various ground conditions using the air temperature.

Table 7. Correlation coefficient between the PTR-A and ATR.

PTR-A (A-C) PTR-A (A-G) PTR-A (C-G) PTR-A (A-C-G)

ATR 0.781 ** 0.842 ** 0.821 ** 0.779 **
** Correlation is significant at the 0.01 level.

4. Discussion

This study suggests the need to consider terrestrial radiation in thermal comfort
measures to create MUD strategies. The findings indicate that terrestrial radiation is emitted
differently depending on the proportion of different ground conditions. To recognize the
need of terrestrial radiation, it is important to understand why terrestrial radiation is
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important and how terrestrial radiation affects heat-related human health. Terrestrial
radiation has a huge effect on human heat stress. As mentioned in the introduction,
terrestrial radiation plays an important role in the outdoor human thermal comfort, which
is defined as a state of mind that shows satisfaction with the thermal environment [28].
Previous studies have found that reducing the terrestrial radiation absorbed by a person
improves the human thermal comfort [18,29,30].

High temperatures cause heat stress by making a person thermally uncomfortable.
These thermal stresses cause heat-related health problems. Rohat et al. [31] showed that
the heat stress risk, which is linked to the exposure to vulnerable people and extreme
temperature events, such as heat hazard, resulted in heat-related health impacts. Moreover,
Claudia et al. [32] assessed the heat stress effects on mortality. Their results showed that
there is an increase in the number of outpatients and deaths on hot days by comparing days
without thermal stress. Moreover, Kovats and Hajat [33] conducted a critical review on the
relationship between heat stress and public health. Their results showed that heat stress
causes heat-related illnesses (clinical signs), which eventually lead to heat death (Figure 7).
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Figure 7. Causal chain from terrestrial radiation exposure to heat-related health.

This study simulated the energy budgets to demonstrate the effect of terrestrial ra-
diation on human thermal comfort using the COMFA model proposed by Brown and
Gillespie [17]. An example can be used to illustrate the importance of terrestrial radiation
on a person’s thermal comfort. Assume that the air temperature is 25 ◦C, the ground
temperature is 35 ◦C, the human surface temperature is 25 ◦C, the ground material is
grass, and a person is standing. The energy budget of terrestrial radiation emitted from the
ground and absorbed by a person is 510 W/m2. The energy budget refers to the degree of
thermal comfort and the results showed that terrestrial radiation accounts for a significant
portion of the total energy budget (Figure 8).
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There are no thermal comfort-related studies considering the different terrestrial
radiation according to the different ground conditions. Therefore, this study is significant
enough in conducting leading research on related issues through model development.
This study developed two versions of the GRF model: The GRF-G model that can use
ground temperature and the GRF-A model that can use air temperature. The models were
developed with the theories and compared with actual measurements for validation. The
result that both models have a statistically significant correlation between PTR and ATR
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(correlation coefficients = about 0.8 ~ 0.9, p < 0.01) shows that it is theoretically possible to
estimate terrestrial radiation through the models.

This study also found that when considering two different ground materials, the
correlation between the PTR and ATR was higher than considering three ground materials.
For the GRF-G model, the average coefficient of correlation analysis is 0.903 for two
different materials and 0.810 for three different materials. For the GRF-A model, the
average coefficient of correlation analysis is 0.814 for two different materials and 0.779 for
three different materials at the 0.01 significant level. This indicates that the model is more
accurate when considering fewer ground materials.

There are several limitations that need further research. When measuring the terrestrial
radiation emitted from the ground using instruments, it is important to know how the
instruments theoretically measure the terrestrial radiation and how terrestrial radiation is
received by a real person. Ground temperature is usually measured vertically downward
using a thermal camera (FLIR E6) or a pyrgeometer. Assuming that a person can be
represented by a vertical cylinder, the terrestrial radiation from the ground (Figure 9A)
should be translated into the amount of terrestrial radiation received by a vertical cylinder
(Figure 9B).
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The CNR4 upper longwave detector has a view of nearly 180◦ and the lower detector
has a view of 150◦ (Figure 10). This indicates that it can measure all of the terrestrial
radiation from the sky and ground hemisphere except for the space of 30◦. It seems that
the missing 30◦ might have only a minor effect on the amount of terrestrial radiation for
a horizontal flat plate, but it might be quite important for a vertical cylinder. Therefore,
further research needs to complement this limitation through theoretical and empirical
grounds.
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ous methods and considering additional microclimate parameters. Ground temperature is
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used to calculate the terrestrial radiation, which provides the most accurate value. However,
ground temperature data have an issue in that data cannot be easily obtained relatively
compared to the air temperature data. Therefore, previous studies attempted to estimate
the ground temperature using the air temperature. This study used the regression analysis
approach using only air temperature to estimate the ground temperature. In this study, the
regression analysis was used. The results showed R2 values of 0.762 for asphalt, 0.663 for
concrete, and 0.573 for grass, respectively. This approach provides statistically significant
results, but various methods for a more accurate conversion should be considered, which
can include additional microclimate parameters. Many methods have been proposed to
convert air temperature to ground temperature. Khan et al. [22] suggested the model for
the asphalt ground temperature. In their model, various microclimate parameters, such
as wind speed (m/s), air temperature (F), relative humidity, and solar radiation (W/m2)
were considered to estimate the ground temperature (F). According to their results, the
model has an R2 value of more than 0.9. Moreover, according to Diefenderfer et al. [34],
their model included the daily maximum ambient temperature (◦C), calculated daily so-
lar radiation (W/m2), and depth from the surface (m) to calculate the predicted daily
maximum ground temperature (◦C). Their adjusted R2 value of the model was 0.771 for
maximum temperature and 0.798 for minimum temperature. In addition, this study only
considered air temperature and sky condition, while relative humidity and wind speed
were not considered. Basically, relative humidity and wind speed can be theoretically
similar when measuring terrestrial radiation for each measuring point. However, at the
same time, they can affect the amount of terrestrial radiation delivered from the ground to
the person. Therefore, to conduct a more accurate conversion, a further consideration of
various methodologies is needed.

Additional models for various areas should be developed, since climate relationships
and characteristics may vary depending on the location. According to the Köppen climate
classification, climatic conditions vary depending on the region, continent, country, etc.
As a pioneering research, this study was limited to the City of College Station, located in
the Cfa climate zone (humid subtropical climate) for the increasing validity and reliability
of the results, but additional research for different climatic zones is needed to use the
GRF model in more diverse areas. The relationships between microclimate parameters
vary depending on the climate zones. Mildrexler et al. [35] conducted a global analysis
to compare air temperatures with land surface temperatures using satellite data of every
World Meteorological Organization station on Earth. Their results showed that the re-
lationship varied by latitude and longitude. Emissivity also varies across areas. Brown
and Gillespie [17] found that most of the landscape design elements have a coefficient of
0.9 or more, thus when we are satisfied with the estimate of 10% of reality, we can use
uncorrected equations. However, it is necessary to use more accurate emissivity values to
measure the accurate terrestrial radiation. According to Wang et al. [36], even the same
material may have different emissivity depending on changes in the temporal or spatial
distribution. Therefore, further studies should consider various climates and seasonality
considering the relationship between emissivity and terrestrial radiation.

Finally, for a better terrestrial radiation estimation, a wider range of ground materials,
the consistent properties of each material, and securing more samples should be considered.
This study considered only three materials: Asphalt, concrete, and grass. Soil was excluded
due to the difficulty in securing a target site as it is a private issue. Therefore, additional
ground materials need to be considered to apply the CRF model to various materials. More-
over, even if it is the same ground material, the characteristics of albedo and emissivity vary
slightly depending on the different neighborhood environments. For example, according
to the results of this study, grass has slightly different albedo and emissivity depending
on the measurement spots since they have different grass conditions depending on their
management status. These differences need to be considered for accurate research results.
Furthermore, as a pioneering research, we tried to secure the sample number which can
be statistically significant to present the need to consider different amounts of terrestrial
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radiation. More than 30 samples were targeted and 51 for A-C, 46 for A-C, 44 for C-G, and
39 for A-C-G were used. However, further research will need to increase the samples and
survey areas to achieve more accurate and statistically significant results.

5. Conclusions

Previous studies have not conducted sufficient research on the effect of terrestrial
radiation on thermal comfort. This study conducted pioneering research on improving
terrestrial radiation estimates for human energy budget models. The primary findings are
as follows. First, this study presents the need to consider different terrestrial radiation esti-
mates for human thermal comfort, since we found and validated that terrestrial radiation
is emitted differently depending on the proportion of different ground conditions. Second,
in order to improve terrestrial radiation estimates, this study argued that the ground ratio
factor (GRF) concept should be considered. GRF represents the ratio of different ground
materials, and GRF models were developed to estimate the different terrestrial radiation
according to the different ground conditions. There are two models to use the ground and
air temperature. The ground temperature-based GRF (GRF-G) model was developed using
the Stefan-Boltzmann law for ground temperature usage and the air temperature-based
GRF (GRF-A) model was developed using the regression analysis for air temperature usage.
Third, the models were validated through a statistical analysis. Actual terrestrial radiation
(ATR) was measured through a field measurement, which was used for the comparison
with the predicted terrestrial radiation (PTR) from the models. The results showed that the
PTR and ATR have a statistically significant strong correlation and this indicates that the
model can be used to estimate terrestrial radiation.

In conclusion, these findings can be used to upgrade the existing human energy
budget models by considering more diverse landscape design factors. This enables a more
accurate measurement of human thermal comfort and development of microclimatic urban
design (MUD) strategies to ameliorate thermal environments.
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