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Abstract 15 
The growing need for planning eco-cities is calling on a tool that can give better prediction of 16 
the thermal comfort conditions for a specific microclimate. A multi-nodal thermal regulation 17 
model can potentially factor in the impacts of the transient and asymmetric thermal conditions 18 
on human subjects. In this study, Human subjects were invited to experience various kinds of 19 
urban open spaces and to express their thermal feelings, while skin temperatures of 17 local 20 
body segments were measured. We tested the multi-nodal thermal regulation model developed 21 
by UC Berkeley by comparing its predictions of human body skin temperature, thermal 22 
sensation vote (TSV), and thermal comfort vote (TCV) with our onsite human subject 23 
measurements and questionnaire survey, in order to identify the causes of the errors between 24 
the prediction and measurements. Corresponding to the thermal neutral status, the field-25 
measured data recorded wider local skin temperature ranges than the simulated ones. We 26 
proposed using a "null zone” instead of “set-point” in the thermal comfort model to 27 
accommodate the possible adaptation of human subjects to the highly fluctuating wind 28 
environment in open spaces. The forehead was suggested to be counted as one of the dominant 29 
local body parts when defining the overall thermal sensation. The correlation coefficient 𝑅𝑅2 30 
between the prediction and the field measured TSV improved to 93.7% for the revised model 31 
from 76.2% of the original model. 32 

33 
Keywords: outdoor thermal comfort; multi-nodal thermal regulation model; physiological 34 
parameters; null zone; set-point. 35 

36 
1 Introduction 37 
Many cities worldwide have broken their hottest temperature records in the summer of 2019 38 
[1]. As a highly urbanized city in the subtropical area, Hong Kong also had a record of 35.1 ℃ 39 
in summer 2019 (data obtained from the Hong Kong Observatory) (Fig. 1). The recorded 40 
highest day temperature in summer months has an increasing trend. The increasing occurrences 41 
of the extreme heatwave in the cities force the city planners to value more about the sustainable 42 
usage of urban open environment [2]. And thus, it is calling for a tool or an index for the 43 
accurate evaluation of the outdoor thermal comfort conditions, and give accurate evaluations 44 
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of the strategies for improving the urban thermal environment, such as increasing greenery [3, 45 
4], creating shading area [5] and providing a windy environment for the pedestrians by 46 
rearranging urban geometry [6, 7].  47 
 48 

Fig. 1 The recorded highest day temperature in months from the year of 1884 to 2019 in Hong 49 
Kong 50 

 51 
Researchers have devoted efforts in searching for a more precise index or tool to predict or 52 
evaluate thermal sensation and comfort for the urban microclimate [8, 9]. The thermal comfort 53 
models developed based on the multi-nodal model can potentially give more precise predictions 54 
when the unstable and asymmetric thermal environment is considered [10]. The models, such 55 
as the UTCI [11, 12] and the Berkeley Comfort Model (CBE model) [13-16], are now being 56 
tentatively used to evaluate outdoor environments [17-20]. CBE model provides a the 57 
comprehensive result of a 65-node thermal regulation model and a rational regression model 58 
developed from the human subject test under various thermal conditions created in the climate 59 
chamber [13, 14, 16]. The overall body thermal status as well as each weighted local thermal 60 
status on account of its strength of the local thermal sensation and its belonging body part (logic 61 
structure is shown in Appendix 1) [14]. Our preliminary study compared the prediction 62 
accuracy of thermal sensation from these models, it turned out that the CBE model gave more 63 
rational prediction compared with the UTCI model [19]. Still, some extreme prediction results 64 
were obtained in the warm-biased environment [19].  65 
 66 
Thermoregulation aims at stabilizing the body temperature (𝑇𝑇𝑏𝑏) with thermal sensation being 67 
its side product [21]. The Stolwijk 25-node model deeply rooted the control theory in 68 
thermoregulation models, including the CBE model [22]. “Load error” which triggers the 69 
regulatory processes is the soul of the control theory. “Set-point” is used as the reference 70 
temperature to calculate the load error, which serves as a feedback signal [23], to regulate the 71 
human body and to evaluate the thermal state [24]. The “load error” is defined as the deviation 72 
from the set-point of the regulated variable [25]. The warmth and cold thermoreceptors locate 73 
in different depths of the skin can sense thermal stimulation [26]. The activation of 74 
thermoreceptors depend on “load error” [27-29], and thus quantifying the deviation from the 75 
set-point has a direct effect on the intensity of thermal sensation perception. Therefore, the CBE 76 
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model defines “load error” for the perception of thermal sensation in a given local body part as 77 
the deviation of the actual local skin temperature and its local “set-point” [16]. The set-point 78 
for thermal sensation and comfort prediction of a given local body part is obtained in its thermal 79 
neutral status [15, 16]. Therefore, the particular concern should be given to the thermal neutral 80 
status. 81 
 82 
Terms like “set-point" have been disputed for decades in thermal physiology. The original 83 
meaning of “set-point” comes from the engineering field and refers to an externally assigned 84 
physical reference signal in a unified control system. The term “set-point” has evoked much 85 
confusion for its usage in various situations: “set-point” is regarded as “the regulated body 86 
temperature of steady-state”; “the central reference signal” and “the thermal effector threshold” 87 
in the field of thermal physiology [30]. In the thermal comfort studies such as the Pierce model 88 
[31], the UTCI model [11], and the CBE model [15, 16], it is referred to the physiological 89 
parameters in its “thermal neutral status”. The controversy regarding such usage mainly comes 90 
from three aspects: the reference signal hypothesis, the unified entire system, the disturbance 91 
and acclimation. In recent years, the biologists and physiologists have come to an agreement 92 
that the reference signal hypothesis was untenable [21, 23, 32]. The last two usages, which are 93 
relevant to the topic discussing in this paper, will be briefly described below. The controversy 94 
in the aspect of the unified entire system comes from the field of thermal regulation, while the 95 
controversy in the aspect of the disturbance and acclimation comes from the thermal sensation 96 
and comfort studies. 97 
 98 
The early research comparing the regulated variable with its set-point was a simplified 99 
explanation of the thermoregulation process in the human body [11, 24, 33]. However, such 100 
cognition would have to treat the human body as a unified entire system with a single controller 101 
or a single reference threshold, which has been proved as inappropriate and bringing in 102 
misunderstanding. Complex as the thermoregulation system in the human body, abundant 103 
thermoeffector loops exist [21], and their thresholds often change independently [21]. 104 
Furthermore, the integration of the responses to a particular external stimulation depends on 105 
abundant sensor-to-effector pathway connections [21]. Such complex interconnections through 106 
the central nervous system make it unlikely that any particular response is merely the outcome 107 
of one particular stimulus and thus requires some degree of variability or flexibility in 108 
temperature regulation [32].  109 
 110 
As for the set-point related to the thermal neutral state, it is the value when the thermal balance 111 
is obtained, and the rate of heat storage is equal to zero [34]. “Set-point” here mainly refers to 112 
the “reference point” used in the thermal sensation and comfort models. If one strict value is 113 
considered without any variability, a slight change of the thermal environment could break the 114 
thermal neutral state corresponded to the given “set-point”, and thus changing thermal sensation 115 
correspondingly. It is barely impossible for the “steady state” or “thermal neutral state” to be 116 
established if the term “set-point” is considered [30], especially in the transient changing 117 
thermal environment. Moreover, the human body can adapt to a new steady level when 118 
persistent thermal disturbances happen. The balance of body temperature is further achieved in 119 
a new level due to the inherent property of dynamical stability of the thermoregulatory feedback 120 
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loop [30], thus shifting of thermal sensation response after adaption. Thermal adaptation is a 121 
higher level of control, on which either the heat transfer process or the thermoeffector properties 122 
(e.g., thresholds) are adjusted [35, 36], and hence a fixed “set-point” is not able to describe 123 
thermal adaption.  124 
 125 
Therefore, how to handle the term “set-point” in the thermal sensation and comfort model is 126 
question worthy to be discussed, especially in the case of an urban open environment where 127 
unstable and asymmetric thermal stimulus becomes dominating. The existing CBE model has 128 
built a base structure that supports the change of “set-point” and has attempted to locate the 129 
adaptation thresholds [37]. However, the related datasets were too limited to establish the 130 
adaptation thresholds, and the datasets were obtained in the indoor setting where the transient 131 
thermal environment was created by step change of air temperature, and the complex wind 132 
environment in the outdoors could not be produced, which may be very different from the heat 133 
transfer mechanism and human response in the complex outdoor wind environment. Due to 134 
these factors, there is room for improvement if the CBE model is to be applied for the outdoor 135 
environment.  136 
 137 
The aim of this paper is to develop the CBE model for the better prediction of thermal sensation 138 
in the outdoor environment. It will be achieved by first locating the source of prediction errors. 139 
Followed by a discussion between “null-zone” and “set-point”. The “null-zone” range of local 140 
skin temperatures will be provided for the outdoor settings. Finally, the CBE model will be 141 
modified to fit the outdoor thermal characteristics.  142 
 143 
2 Methods 144 

 145 
2.1 On-site data collection 146 

The on-site measurement was conducted from November 2017 to September 2018. The real-147 
time meteorological data was collected by a micro-climate station. The technical information 148 
is listed in Table 1. The skin temperature of 17 local body parts was continuously collected. 149 
The skin temperature of local body parts such as pelvis, back, left foot, and right foot, which 150 
was not sensitive to slight thermal stimulations and covered by clothing, were collected using 151 
the i-buttons. The starting time, ending time and logging interval of each i-button were preset 152 
through a commercial software, OneWireViewer, before the experiment. Only temperature data 153 
will be collected. The other local body parts were measured using a thermocouple or thermal 154 
resistance with a portable data logger. The skin temperature measurement sites are shown in 155 
Fig 2. The data-logging interval for the skin temperature was 1 second. Detailed information 156 
about the skin temperature sensors is listed in Table 1. 157 
 158 

Table. 1 Technical information on experimental equipment 159 

Measured parameters Sensor/Equipment Range of 
measurement Accuracy 

Air temperature (Ta) 
RM 41382 

-50~50 ℃ ±0.3 ℃ 
Relative humidity (RH) 0~100 % ±1 % 
Wind speed (v) R.M. YOUNG 81000 0~40 m/s ±0.05 m/s 
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Long-wave radiation 
(𝑸𝑸𝒍𝒍) Kipp & Zonen CNR-4 

-250~250 W <10% 

Short-wave radiation 
(𝑸𝑸𝒔𝒔) 

0~2000 W <5 % 

Skin temperature 

i-button (DS1922L) -40~+85 ℃ ±0.5 ℃ 
TT-T-30-SLE (sensor) -200~ 150 ℃ ± (0.4 % or 0.5 ℃) 
BTM 4208 SD (data 
logger) -50~ 400 ℃ ± (0.4 % or 0.5 ℃) 

DataTaker DT 80 (data 
logger) -270~+400 ℃ ±0.1% 

TianJianHuaYi WZY-1 -20~80 ℃ ±0.3 ℃ 
 160 
 161 
 162 

 163 
Fig. 2 Measurement points of local skin temperatures 164 

 165 
The data was collected from two cities, Hong Kong and Sydney. The experiment conducted on 166 
the campus of Hong Kong Polytechnic University belonged to the transitional seasons and hot 167 
summer, while the winter experiments were conducted on the campus of the University of 168 
Sydney. Both experimental sites were surrounded by academic buildings with external wall 169 
material of red brick (approximate albedo is 0.3) [38] or glass curtain wall (the external 170 
reflectance (𝐸𝐸𝐸𝐸𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺) in Hong Kong should be no more than 0.2 according to the Design and 171 
Construction Requirements for Energy Efficiency of Residential Buildings in Hong Kong 172 
(APP-156) [39]). The pavement material for the sites were grass (approximate albedo is 0.2) 173 
[38] and concrete (approximate albedo is 0.225) [38] for Sydney and Hong Kong respectively. 174 
 175 
The human subjects were required to wear regular clothing suitable to the weather to join the 176 
experiment. In total, 531 survey responses were collected during the whole year, 428 survey 177 
responses were available along with the measured skin temperature dataset after removing the 178 
missing data and limiting the activity level to sit or stand only. Within the available datasets, 179 
altogether 42 males (35 in Hong Kong and 7 in Sydney) and 32 females (28 in Hong Kong and 180 
4 in Sydney) joined the experiment. Only the students and young colleges from China were 181 
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invited to join the experiment to avoid differences in thermal feelings caused by culture 182 
differences. About 30 minutes were allowed before the start of the experiment to attach the 183 
sensor and to stabilize the transient metabolic rate. During the experiment, the human subjects 184 
were required to sit or stand, experience the specific outdoor thermal environment, and fill in 185 
the survey. Fig. 3 shows two examples of experiment setup on two campuses. The microclimate 186 
stations used on two campuses were of the same type. 187 
 188 

  

Fig. 3 Experiment photo (left) Sydney; (right) Hong Kong 189 
 190 
The survey focused on the perception of local and overall thermal sensation and thermal 191 
comfort, along with the collection of individual information (gender, age, height, weight, and 192 
clothing information). Ethical approval was obtained in both universities, and the collected data 193 
was for research usage only. Each human subject experienced a specific outdoor environment 194 
for about 40 minutes and filled in the survey every 5 minute. An extended nine-point scale was 195 
adopted to evaluate the subject’s thermal sensation and thermal comfort [40].  196 
 197 

2.2 Direct and diffuse solar radiation 198 
 199 
One of the main differences between the thermal environment of the indoors and the outdoors 200 
comes from radiation. The primary source of radiation in the indoor environment comes from 201 
long-wave irradiation; whereas, short-wave irradiation is the primary radiation source in the 202 
urban open space [41]. Meanwhile, long-wave irradiation cannot be neglected given the heat 203 
absorbed by the surroundings in the urban setting. Short-wave irradiation includes both the 204 
direct and diffuse solar irradiation [41]. The pyranometer from CNR-4 gives the data of short-205 
wave irradiation while the pyrgeometer gives the information related to long-wave irradiation. 206 
The input of long-wave irradiation in the CBE model will follow the method described in our 207 
earlier publication [19].The subject placed in the center of an imaginary enclosed room with 208 
different equivalent surface temperature from six walls was created in the CBE model [19]. The 209 
radiometer was assumed to be at the center of the imaginary room. The long-wave irradiation 210 
collected by the pyrgeometers facing six directions were used to calculate the equivalent surface 211 
temperature of six walls by repeating the method described in Equation 1 [19]. 212 
 213 
𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚−𝑖𝑖
4 = 𝑇𝑇𝑠𝑠14 𝐹𝐹𝑖𝑖−𝑠𝑠1 + 𝑇𝑇𝑠𝑠24 𝐹𝐹𝑖𝑖−𝑠𝑠2+𝑇𝑇𝑠𝑠34 𝐹𝐹𝑖𝑖−𝑠𝑠3 + 𝑇𝑇𝑠𝑠44 𝐹𝐹𝑖𝑖−𝑠𝑠4 + 𝑇𝑇𝑠𝑠54 𝐹𝐹𝑖𝑖−𝑠𝑠5 + 𝑇𝑇𝑠𝑠64 𝐹𝐹𝑖𝑖−𝑠𝑠6       Equation (1) 214 
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 215 
The short-wave irradiation will be separated as direct and diffuse irradiation. The upward and 216 
downward facing CNR 4 pyranometers were able to collect the incoming shortwave irradiation 217 
and the reflected shortwave irradiation in 180 degree respectively [42]. The average near-218 
ground albedo is calculated by the ratio of incoming and reflected solar radiation measured by 219 
a pair of horizontally placed pyranometers in the standing height of pedestrian (Equation 1) 220 
[41]. Therefore, the average near-ground albedo represents the approximate ratio of reflected 221 
solar radiation by the opaque surfaces and objects in standing height of pedestrian. The global 222 
horizontal irradiance (GHI) was measured by the horizontal pyranometer facing the sky, while 223 
the global tilted irradiance (GTI) was measured by the north-facing pyranometer. When the 224 
surface is tilted to the horizontal, the total irradiance comes from three aspects, which are the 225 
incident diffuse radiation on the tilted surface, the direct normal irradiance projected onto the 226 
tilted surface, and the near-ground reflected irradiance that is incident on the tilted surface [41]. 227 
The diffuse radiation received by a tilted surface adopts the simplest isotropic diffuse model 228 
(Equation 4) [43, 44]. The reflected radiation received by the tilted surface is difficult to 229 
accurately model because of the inhomogeneous distribution of opaque objects near ground. 230 
Here, a simple isotropic model is adopted to estimate the reflected solar radiation in standing 231 
height (Equation 4) [41]. By combining the measurement results facing the North and the sky 232 
together, DHI (direct normal irradiance) and DNI (diffuse horizontal irradiance) can be solved 233 
using the listed equations 2-6 [41] below and then as the inputs in the CBE model.  234 
 235 
𝜌𝜌 = 𝐺𝐺𝐺𝐺𝐼𝐼𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙/𝐺𝐺𝐺𝐺𝐼𝐼𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢               Equation (2) 236 
 237 
𝑠𝑠𝑠𝑠𝑠𝑠 = 90° − 𝑒𝑒𝑒𝑒𝑒𝑒                 Equation (3) 238 
 239 
𝐺𝐺𝐺𝐺𝐼𝐼𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = 𝐷𝐷𝐷𝐷𝐷𝐷 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐(𝑠𝑠𝑠𝑠𝑠𝑠) + 𝐷𝐷𝐷𝐷𝐷𝐷             Equation (4) 240 
 241 
𝑐𝑐𝑐𝑐𝑐𝑐(𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟) = 𝑐𝑐𝑐𝑐𝑐𝑐(𝑇𝑇) ∙ 𝑐𝑐𝑐𝑐𝑐𝑐(𝑠𝑠𝑠𝑠𝑠𝑠) + 𝑠𝑠𝑠𝑠𝑠𝑠(𝑇𝑇) ∙ 𝑠𝑠𝑠𝑠𝑠𝑠(𝑠𝑠𝑠𝑠𝑠𝑠) ∙ 𝑐𝑐𝑐𝑐𝑐𝑐(𝑎𝑎𝑎𝑎 − 𝛾𝛾)      Equation (5) 242 
 243 
𝐺𝐺𝐺𝐺𝐺𝐺 = 𝐷𝐷𝐷𝐷𝐷𝐷 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐(𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟) + 𝐷𝐷𝐷𝐷𝐷𝐷 ∙ (1 + 𝑐𝑐𝑐𝑐𝑐𝑐(𝑇𝑇))/2 + 𝐺𝐺𝐺𝐺𝐺𝐺 ∙ 𝜌𝜌 ∙ (1 − 𝑐𝑐𝑐𝑐𝑐𝑐(𝑇𝑇))/2  Equation (6) 244 
 245 
 246 
where: 247 
𝜌𝜌: the average near-ground albedo; 248 
𝑎𝑎𝑎𝑎: the azimuth angle; 249 
𝑒𝑒𝑒𝑒𝑒𝑒: the elevation angle, measured from the horizon to the solar position; 250 
𝛾𝛾: the surface is rotated by 𝛾𝛾 degrees (with north-facing being 90° and upper-facing being 251 
zero); 252 
𝑇𝑇: the surface is tilted by T degrees (with north-facing being 90° and upper-facing being zero); 253 
𝑠𝑠𝑠𝑠𝑠𝑠: the solar zenith angle, measured from the vertical to the solar position; 254 
𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟: the angle of incidence of the DNI to the tilted surface; 255 
DHI: the direct normal irradiance; 256 
DNI: the diffuse horizontal irradiance; 257 
GHI: the global horizontal irradiance. 258 
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𝐺𝐺𝐺𝐺𝐼𝐼𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙: the global horizontal irradiance received by the pyranometers facing ground; 259 
𝐺𝐺𝐺𝐺𝐼𝐼𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢: the global horizontal irradiance received by the pyranometers facing the sky. 260 
GTI: the global tilted irradiance on a surface with a given tilt and azimuth orientation; 261 
 262 
3 Results and discussions 263 

3.1 General description of the microclimate conditions  264 
All the microclimate conditions in the available dataset is shown in Table 2. For the winter 265 
experiment in Sydney, 𝑇𝑇𝑎𝑎 (air temperature) was in the range of 15.5 to 21.9 ℃ and 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 266 
(mean radiant temperature) was in the range of 15.8 to 56.3 ℃. The ν (wind speed) was in the 267 
range of 0.4 to 2.2 m/s. Wind blew from the central Australia makes the winter in Sydney very 268 
dry, and the RH (relative humidity) was between 20.8 to 69.7%.  269 
 270 
We also had limited winter experiment samples from Hong Kong, which covered the 𝑇𝑇𝑎𝑎 range 271 
of 16.8 to 19.8 ℃. The dataset from transitional seasons and summer recorded the 𝑇𝑇𝑎𝑎 range 272 
of 23.6 to 33.2 ℃. The 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 was from 16.9 to 57.6 ℃ while ν was from 0.1 to 4.6 m/s. The 273 
RH was from 31.9% to 78.4%. The distribution of 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 was either very closed to 𝑇𝑇𝑎𝑎 (heavy 274 
cloudy day) or at its extreme high level (cloudless day), which explains the high level of 275 
standard deviation. The partly sunny or partly cloudy conditions were limited in our dataset. 276 
The mean wind speed in the experiment of Hong Kong was recorded in a wider range than that 277 
in Sydney, with twice the standard deviation than Sydney. Still, above 90% of the observed 278 
cases in Hong Kong concentrated below 2.14 m/s. 279 
 280 

Table. 2 The microclimate condition distribution of experiment 281 

Location 
Hong Kong Sydney 

Mean Max Min Standard 
deviation Mean Max Min Standard 

deviation 
Air temperature 

(𝑇𝑇𝑎𝑎, ℃) 26.7 33.2 16.8 2.9 18.7 21.9 15.5 1.9 

Mean radiant 
temperature 
(𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚, ℃) 

31.5 57.6 16.9 9.8 41.6 56.3 15.8 13.0 

Wind speed (ν, m/
s) 1.0 4.6 0.1 0.8 1.1 2.2 0.4 0.4 

Relative humidity 
(𝑅𝑅ℎ, %) 63.9 78.4 31.9 8.4 36.7 69.7 20.8 14.4 

 282 
3.2 Primary comparison of the field data and the simulated data 283 

 284 
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285 

 286 

Fig. 4 The relation between the field surveyed and simulated: (a) thermal sensation vote 287 
(TSV); (b) thermal comfort votes (TCV). (*The simulated TSV and TCV data were obtained 288 
by using the measured environmental parameters, and the surveyed subject personal data 289 
(such as gender, weight, height, age and clothing pattern) as inputs.)  290 
 291 
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The data comparison between the field-surveyed data, and the simulated data will be started 292 
with the primary comparison of the overall TSV (thermal sensation vote) and TCV (thermal 293 
comfort vote). The simulated results in Fig. 4 were obtained from the original CBE software 294 
using the meteorological parameters and personal information of human subjects as input. 295 
Therefore, the simulated results in Fig. 4 are the comprehensive product of the 65-node 296 
thermoregulation model and the CBE comfort model. As an integrated environmental 297 
parameter, the operative temperature (𝑇𝑇𝑜𝑜𝑜𝑜) was chosen as the representative to make the primary 298 
comparison. Each point shown in Fig. 4 was the average result based on 𝑇𝑇𝑜𝑜𝑜𝑜. The 𝑇𝑇𝑜𝑜𝑜𝑜 covered 299 
the range of 15.7 to 45.7 ℃. The 𝑇𝑇𝑜𝑜𝑜𝑜 in both the winter of Sydney and Hong Kong were mild, 300 
the cases of below 20.0 ℃ were limited. Therefore, only minimal data points are located in 301 
the lower extreme level of field-surveyed thermal sensation. The following analysis will be 302 
focused on the dataset of transitional seasons and summer.  303 
 304 
Our previous study has proved that thermal neutral status does not equivalent to “TSV = 0” 305 
through the independent t-test of comparing a field-surveyed dataset and a randomly generated 306 
dataset [40]. The field-surveyed dataset in our previous study consisted of more than one 307 
thousand samples while the randomly generated dataset was constructed by the original field-308 
surveyed data outside the range of [-1, 1] and the random integer values from -1 to 1 replacing 309 
the data in the range of [-1, 1] [40]. The statistic results show that people make no distinction 310 
among the categories of "slightly cool", "neutral" and "slightly warm" [40]. In other words, 311 
people who stayed in the outdoor environment tended to vote from "slightly cool" to "slightly 312 
warm" in their thermal neutrality [40]. This finding provides us the evidence to define “TSV = 313 
-1” and “TSV = 1” also as thermal neutral status when an integer is used as the survey input. 314 
Though the CBE model generates continuous voting, this study used the same range in defining 315 
thermal neutrality to unify the criteria for comparison.  316 
 317 
Fig. 4 shows the comparison results of the thermal sensation vote. The simulated data points 318 
locate almost above the 45-degree line, indicating that the simulated data are higher than the 319 
field-surveyed data covering the whole range. In the thermal neutral status, almost all the 320 
simulated data located in the TSV > 0 side when the field-surveyed data voted in the range of 321 
[-1,1]. Extreme simulated data points existed when the field-surveyed data was in the range of 322 
[0,1]. 323 
 324 
From the aspect of thermal comfort (Fig.4 (b)), the CBE-simulated TCV was calculated in the 325 
stable phase. The rule of calculating overall TCV in a transient environment [14] was not 326 
applied here. Because the transient thermal environment mentioned in most of the thermal 327 
comfort studies refers to the case of transient changing of temperature, which is not applicable 328 
to our case. Regarding the wind environment, if wind speed keeps fluctuating in a limited range 329 
(no gust wind happens), such a case is referred to as enhanced convective heat transfer but not 330 
transient thermal environment. Furthermore, the existing studies are not able to describe the 331 
convective heat transfer effect of the outdoor wind environment due to limited experiment 332 
results in high turbulent intensity, needless to mention the transient effect by gust wind [45]. 333 
The wind tunnel experiment from Yu et al. [46] have confirmed that stronger heat transfer 334 
process existed under high turbulence intensity level. Therefore, we remained using the TCV 335 
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results in a stable phase for comparison. The field survey results had more than half of the points 336 
located on the comfort side. Most of the surveyed responses located on the uncomfortable side 337 
were quite close to “TCV = -1”, which corresponded to “slightly uncomfortable”. More data 338 
points located on the comfortable side than in the thermal neutral zone, meaning people still 339 
feel thermally comfortable even when the thermal sensation status is slightly away from the 340 
thermal neutrality in the outdoor environment. Compared with the field-surveyed results, most 341 
of the CBE-simulated results located on the uncomfortable side, and some were closed to the 342 
lower extremity.  343 
 344 

 345 
Fig. 5 Comparison between the measured and simulated mean skin temperatures (𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚) 346 
 347 
The comparison results of field measured, and CBE-simulated 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚 (mean skin temperature) 348 
are shown in Fig. 5. The CBE-simulated mean skin temperature was the simulation results of 349 
the multi-nodal thermal regulation model based on the meteorological parameters. The CBE 350 
dataset was well reported by other researchers of having higher predictive value than their 351 
datasets [47, 48]. However, from our comparison results, the measured and simulated 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚 352 
were similar in the range of 32.5 and 34.0 ℃. The measured 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚 was much lower than the 353 
simulated data when lower than 32.5 ℃ and higher than the simulated data when higher than 354 
34.0 ℃. The results here show that the prediction gap exists between the multi-nodal thermal 355 
regulation model and the field-measured data. The main difference exists in the cold case. We 356 
compared our results with that from the mild cases conducted in the outdoor environment of 357 
Tianjin listed in the study of Lai et al. [49], within which the mild cases refer to 𝑇𝑇𝑎𝑎 from 13.8 358 
to 22.3 ℃ with the average solar radiation of 226.8 𝑊𝑊/𝑚𝑚2. The meteorological conditions of 359 
the mild cases in Tianjin was similar to our experiment conditions in winter. The measured 360 
𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚 from their study in the mild case was from 30.5 to 32.0 ℃ [49], which was similar 361 
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with our measurement results in the winter and supported the accuracy of our measurement 362 
results. We intended to use 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 as the bridge to link the meteorological parameters and the 363 
thermal sensation response. The measured skin temperature will be the input parameters in the 364 
CBE comfort model instead of the collected meteorological parameters to avoid the prediction 365 
difference generated by the multi-nodal thermal regulation model. 366 
 367 

3.3 Comparison of the thermal sensation based on local and mean skin 368 
temperatures 369 

This part will focus on the comparison of the field-measured, and the CBE-simulated thermal 370 
sensation votes, both the local and overall TSV will be discussed (shown in Fig.6 (a-h)). The 371 
CBE-simulated TSV, including the local TSV and the overall TSV (Fig.6 (a-h)), were generated 372 
using the measured skin temperature as input to the CBE comfort model. The CBE comfort 373 
model was reproduced using Matlab based on the original logic, set-points, and the listed 374 
coefficients from the previous publications [13-16]. The updates of the model detail were also 375 
addressed [34]. The reproduced CBE comfort model was validated using the simulated datasets 376 
from the original CBE comfort software. The relation between the overall TSV and 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚 377 
(mean skin temperature) will be discussed along with the local TSV of seven body parts used 378 
in the calculation of 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚 [37]. The mean skin temperature was calculated using the 7-point 379 
method, the same as which used in the CBE model [37]. The seven local body parts used in the 380 
7-point method, such as forehead, abdomen, left lower arm, left hand, left upper leg, left lower 381 
leg, and left foot were included in the analysis. 382 

 383 
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 390 

Fig. 6 Correlation between thermal sensation vote (TSV) and skin temperature: (a) between the 391 
Overall TSV and Mean skin temperature; and between the local TSV and local skin 392 
temperatures: (b) Forehead; (c) Abdomen; (d) Left lower arm; (e) Left hand; (f) Left upper leg; 393 
(g) Left lower leg; (h) Left foot.  394 
 395 
The measured 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚 covered the range from 28.0 ℃ to 36.3 ℃. The corresponded 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚 396 
to the field-surveyed thermal neutral zone was from 29.1 to 34.2 ℃, while that for the simulated 397 
data was from 30.9 to 35.1 ℃. The measured 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚 corresponded to broader thermal neutral 398 
status in the surveyed results than the simulated results. Moreover, the field-surveyed thermal 399 
neutral range was similar to the range when assuming “TSV=0” as thermal neutral status. The 400 
surveyed data points were almost distributed around “TSV = 0” symmetrically in thermal 401 
neutral status. When the voted thermal sensation was larger than “TSV = +1”, the increasing 402 
trend of TSV with the increase of 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚 was clearer. 403 
 404 
Both the 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚  and overall TSV are the comprehensive indexes of whole-body status, 405 
weighted by local body parts. It is needed to observe the relation between local skin temperature 406 
and local TSV individually. The temperature ranges of different local body parts vary from each 407 
other. The trunk area such as abdomen and forehead had narrower temperature ranges than the 408 
extremities. The recorded lowest temperature for abdomen and forehead were 30.0 and 28.5 ℃ 409 
respectively. However, take left hand as example for the extremities, its lowest recording was 410 
22.0 ℃. 411 
 412 
The relation between the local skin temperature and local thermal sensation varies in different 413 
local body parts. As for the abdomen, it was always covered with clothing which is suitable to 414 
the weather conditions. Therefore, a wide range of abdomen temperatures corresponded to the 415 
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thermal neutral zone (from 29.9 to 35.1 ℃), and no extreme TSV was found. Much different 416 
than the surveyed dataset in the abdomen, the CBE-simulated TSV response of the abdomen 417 
was close to “cold” (TSV = -3.1) in the lowest measured abdomen temperature and close to 418 
“very hot” (TSV = 3.6) in the highest measured abdomen temperature. The surveyed thermal 419 
sensation in the forehead was more sensitive to low local skin temperature. However, when the 420 
temperature raised to above 31.0 ℃, the thermal sensation entered the thermal neutral zone and 421 
stayed there until 34.6 ℃. Compared with the field-measured data, the CBE-simulated TSV 422 
did not enter the thermal neutral zone until the forehead temperature raised to 33.9 ℃ then left 423 
the thermal neutral zone at 35.1 ℃ , making the thermal neutral range in forehead much 424 
narrower than the field-surveyed results. These two local body parts in the trunk area, which in 425 
total contributed 42% in the calculation of 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚, all showed a wider local skin temperature 426 
range corresponded to the thermal neutral zone from the field measurement.  427 
 428 
The extremities, compared with the trunk area, had a much more apparent retention 429 
phenomenon of staying in the thermal neutral zone or even staying around the point of “TSV = 430 
0”. It is noticeable that the local skin temperature corresponding to the thermal neutral zone 431 
become larger when approaching the end of the extremities. Compared to the field-measured 432 
data, all the CBE-simulated TSV of the extremities crossed the thermal neutral zone in a straight 433 
line. The retention effect during thermal neutrality observed in the field measurement illustrates 434 
a need for replacing the set-point with a broader range of data.  435 

 436 
3.4 The concept of “null zone” versus “set-point” 437 

The microclimate in the urban environment is known as a highly unstable thermal environment. 438 
The relatively short exposure during each survey period enables limited changes in 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 and 439 
𝑇𝑇𝑎𝑎, yet the wind environment can change instantly. Unlike the experiment conducted in the 440 
controlled climate chamber, the field experiment in the outdoor environment could not control 441 
the microclimate variables. Therefore, the field measured skin temperature data in the outdoor 442 
environment can illustrate how it reacts and adapts to the continuous fluctuating thermal 443 
stimulus.  444 
 445 
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 446 

 447 

Fig. 7 Forehead skin temperature change with the change of wind speed (a) continuous 448 
sensible wind environment; (b) sudden strong wind environment 449 

 450 
Fig. 7 shows the behavior pattern of the forehead skin temperature with the change of wind 451 
speed. The forehead was chosen as an example because it was one of the unclothed body parts. 452 
Wind speed in the micro-urban climate was recorded a severe fluctuation during the short-term 453 
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experiment exposure. Two typical cases of wind environment were chosen: a continuous 454 
sensible wind environment (Fig. 7 (a)) and a suddenly changed wind environment (Fig. 7 (b)). 455 
The recorded mean wind speed during the timeslot was about 1.7 m/s for the continuous 456 
sensible wind environment (Fig. 7 (a)), and about 0.7 m/s for the case with an immediate 457 
changing wind environment. The change of forehead temperature showed an apparent negative 458 
correlation with the change of wind speed. As the 𝑇𝑇𝑎𝑎 that day was relatively high at about 30.5 459 
℃, the range of change of the convective heat loss caused by the change of wind speed was 460 
small, and thus the changing range of the forehead temperature was narrow, from 31.3 to 32.9 461 
℃. For the case of sudden intense wind speed (Fig. 7 (b)), the forehead temperature did not 462 
variate much at the beginning as the wind speed kept fluctuating in the low range (under 1.0 463 
m/s). However, when the wind speed suddenly increased from 1.1 m/s to 1.7 m/s, the forehead 464 
temperature almost decreased immediately from 33.7 to 32.8 ℃. 465 
 466 
It is noticeable that the unclothed skin temperature can have a wide range of variation in the 467 
outdoors due to the fluctuating wind environment. The variation range of the local skin 468 
temperature depends on the temperature difference between the human body and the outside 469 
thermal environment and the strength of the wind speed. Fig. 7 (a) is a typical representative of 470 
the continuous changing thermal stimulus in the urban environment. The wind environment in 471 
the urban open space kept fluctuating at a certain level. The controlled wind speed of a particular 472 
point like the indoor environment is not realistic in the outdoors and thus leads to a doubt of 473 
whether the physiological dataset observed in the indoor chamber can represent the real outdoor 474 
conditions. Interestingly, corresponding to the continuous changing forehead temperature was 475 
the retention effect of the TSV in thermal neutrality, as shown in Fig. 6 (a). The retention effect 476 
of the TSV observed in the forehead area showed that human subjects adapt to the continuous 477 
disturbance created by the changing wind speed in the urban environment quite well.  478 
 479 
In the control theory of thermoregulation, the peripheral thermoreceptors response to both the 480 
temperature and the change of temperature [27]. They follow a properties of differential control 481 
in dynamic phases (experiencing air temperature change in the climate chamber) while 482 
following the properties of proportional control during steady-state [30], which is also 483 
applicable to the thermal comfort studies. According to Werner [30], the property of differential 484 
control is impossible to be the exclusive control property in the peripheral area, because it only 485 
reacts to transient changes of disturbance, but does not counteract to a permanent disturbance. 486 
Therefore, proportional control takes the lead when a permanent disturbance happens. The 487 
question is whether transient changing wind environment in the outdoors should be treated as 488 
a permanent disturbance or a transient disturbance.  489 
 490 
The indoor environment has limited air movement and usually can be kept at an unnoticeable 491 
level. In that case, a slight increase in wind speed levels can create a thermal sensation 492 
difference. Regarding the urban environment, fluctuating wind environment is unavoidable, if 493 
wind speed changes in a particular frequency and a certain amplitude, human seems able to 494 
adapt to it quickly. As the case in Fig. 7 (a), the wind speed kept changing frequently, but the 495 
variation range was kept between 0.9 to 2.7 m/s, no obvious sudden change was observed. 496 
Human subjects adapt to such kind of wind environment quite well; thus, we prefer to treat it 497 
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as a permanent disturbance. However, when the given wind pattern was destroyed by changing 498 
the amplitude or frequency, further thermal sensation difference can be created. The case in Fig. 499 
7 (b) could be an example, within which the wind speed fluctuated at low level (about 0.6 m/s) 500 
at most of the time of the experiment period and suddenly increased to a new level (about 1.7 501 
m/s) in a very short period, we prefer to treat it as transient changes of disturbance. This 502 
discussion will not be expanded further in this paper, but a proper mathematic description is 503 
needed to make a proper description of the disturbance created by different wind environments 504 
in the urban setting, and it will be discussed more in our future study. By analyzing the wind 505 
environment pattern here, the aim is to bring in the idea that a variability of local skin 506 
temperature should be allowed when the urban thermal environment is considered.  507 
 508 
Moreover, it is widely accepted that the thermoeffector in thermoregulation reacts 509 
proportionally to body temperature. The proportional control works based on the “load error”, 510 
which is the deviation of the regulated variable. That means the threshold of the regulated 511 
variable determines the output of the regulation and also thermal sensation as a side product. 512 
The misconception in thermal comfort research derives from defining the “load error” as the 513 
deviation of the body temperature and a fixed “set-point” [22]. If a “set-point” used in the 514 
thermal regulation model is applied to the outdoors, it is almost impossible for a human body 515 
to remain its thermally stable state. However, the slight fluctuation of the unclothed local skin 516 
temperature with the change of wind speed and together with the retention effect shown in the 517 
thermal neutral status, indicates that human subjects feel thermally neutral in a certain range 518 
instead of a given value. It means either thermal balance could be remained in a range or the 519 
thermal sensation feelings be insensitive to a slight fluctuation of thermal imbalance. Therefore, 520 
applying set-point in the thermal sensation models cannot accommodate the fluctuation in 521 
thermal neutrality, and an inevitable variability should be allowed when the human body is 522 
experiencing an outdoor environment. Based on the listed reasons, we proposed using the 523 
concept of the "null zone" instead of "set-point” in the thermal regulation model.  524 
 525 
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 528 

Fig. 8 Local body temperature null zone in thermal neutral status (a) Male; (b) Female (c) 529 
thermal adaptation range derived from Zhang’s study [37] 530 

 531 
The concept of the "null zone" is first defined as a central temperature range associated with 532 
limited autonomic regulatory activity [22]. It can also be referred to as “dead band” and 533 
“thermoneutral zone”. Body temperature fluctuates within this threshold will not trigger further 534 
thermoregulation actions [50]. Therefore, the human body can minimize the need for regulatory 535 
remediation and thus conserve resources [22]. The “load error” which drives further 536 
thermoregulation actions and stronger thermal sensation in this study are defined as the 537 
deviation from the thresholds of the null zone. This study will merely discuss the null zone 538 
range of local skin temperature; the null zone range of core temperature still needs more data 539 
support. The measured local skin temperature data within the null zone was selected by limiting 540 
the overall and every local thermal sensation between “-1 to 1”, in order to search for the dataset 541 
that each local body part and overall thermal sensation feeling are thermal neutral. The filtrated 542 
dataset includes 31 human subjects in total, which includes 16 males and 15 females. The local 543 
skin temperature null zones are listed in Fig. 8, separating into male and female datasets. The 544 
lower and upper limits of the null zone are defined as the value located at the 25% and 75% of 545 
the filtrated data in an increasing trend. The medium measured skin temperature values for each 546 
local body parts are also shown in Fig. 8 (a, b). The thermal adaptation range in the neutral 547 
status and the warm-side adaptation of the CBE model are also reproduced for comparison (Fig. 548 
8 (c)) [37]. The thermal adaptation range in neutral status was obtained from the limited indoor 549 
neutral conditions, while the warm-side adaptation range was retrieved from the regression 550 
results of the dataset in the extremely hot conditions [37].  551 
 552 
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Almost all the local body parts for the thermal adaptation range in the CBE model were higher 553 
than the field measured null zone results. The reason for that might be due to the difference of 554 
dressing pattern: the human subjects joined the CBE experiment wore leotard which was able 555 
to tie up the temperature sensors on the skin, while the human subjects for our outdoor 556 
experiment wore their own regular clothing. The width of range in the field measured null zone 557 
results were much wider than the CBE adaptation range if only focus on its neutral zone; 558 
however, if counted in its warm-side adaptation, the width of the field measured and model 559 
ranges would be similar. Still, the field measured null zone for the extremities were noticeably 560 
lower than the CBE adaptation ranges. The temperature distribution of body parts in the trunk 561 
area for male were quite uniform in the range of 33.1 to 35.3 ℃, except for the pelvis where 562 
was recorded lower null zone range from 32.6 to 34.6 ℃. The back was recorded as the highest 563 
null zone range for females, followed by the abdomen. Forehead and chest recorded similar 564 
null zone range. The null zone ranges for pelvis were similar for both males and females. 565 
Similar to the adaptation range in the CBE model, the extremities show a much broader null 566 
zone range than the trunk parts. The highest value of the extremities for males was recorded as 567 
33.8 ℃ in the left hand while the lowest value was recorded as 30.2 ℃ in both left upper arm 568 
and left lower leg. Females had a wider null zone range for the end of the extremities, recorded 569 
from 29.4 to 33.2 ℃ for left hand and 29.5 to 33.8 ℃ for the left foot.  570 
 571 
The null zone ranges were obtained by limiting the thermal sensation vote, no limitation was 572 
added on clothing and environmental conditions, which that ensures the dataset can be applied 573 
directly to the real-life outdoor conditions. The thermal neutral range measured in our field 574 
study was a comprehensive result of physiological acclimation (adaptation to thermal stimulus), 575 
behavioral adjustment (comfortable dressing pattern for different climate conditions), and 576 
phycological expectation (willingness for staying in the outdoor environment) [51]. This set of 577 
null zone data was used in the further development of the multi-nodal model to replace “set-578 
point”. 579 
 580 

3.5 Further development of the multi-nodal model 581 
 582 
The further development of the CBE comfort model mainly focuses on two parts: local 583 
sensation prediction and selection of dominant local body parts. Equation 7 illustrates the new 584 
equation for predicting the static part of a local sensation, which remain using the logistic 585 
function of local skin temperature and the original coefficients in the CBE model for local 586 
thermal sensation prediction [16] but replacing “set-point” with “null zone”. The null zone 587 
results in part 3.4 were used in Equation 7. The coefficients and the logic of the overall thermal 588 
sensation prediction still follow the original model (shown in Appendix 1). According to the 589 
original model, only the chest, pelvis, abdomen, and back were chosen as the dominant body 590 
parts, and such body parts dominant the cool sensation [14]. In the real-life outdoor conditions, 591 
such body parts are normally covered with clothing and thus hardly would approach the cold 592 
extreme unless local cooling is applied. Compared with the mentioned dominant local body 593 
parts, the forehead is normally the unclothed local body part, and it is closed to the body core. 594 
Moreover, it showed a strong positive correlation (𝑅𝑅2 = 96.0%) with the overall thermal 595 
sensation (shown in Fig. 9). To further confirm our conjecture, the spearman correlation 596 
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coefficient 𝑟𝑟𝑠𝑠 was used to measure the correlation strength between the selected local body 597 
temperatures and the overall thermal sensation. The absolute value of 𝑟𝑟𝑠𝑠 is between 0 and 1 598 
[52]. The higher the absolute 𝑟𝑟𝑠𝑠, the stronger the association it is. The 𝑟𝑟𝑠𝑠 results are shown in 599 
Table 3. Forehead showed the highest 𝑟𝑟𝑠𝑠 of 0.73 among the other dominant local body parts. 600 
This result indicates the importance of the forehead, and thus, it should also be listed as one of 601 
the dominant body parts. 602 
 603 

Local sensation𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 4( 2

1+𝑒𝑒[−(𝐶𝐶1+𝐾𝐾1)�𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖−𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖,𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧�+𝐾𝐾1�𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚−𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚,𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧�]
− 1) 604 

Equation (7) 605 
 606 

𝑅𝑅2 = 1 −
∑(𝑌𝑌𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎−𝑌𝑌𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)2

∑(𝑌𝑌𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎−𝑌𝑌𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)2
                Equation (8) 607 

 608 
Yet this revision focuses only on the relation between the skin temperature and thermal 609 
sensation, using skin temperature as the comprehensive parameters of the reflection for the 610 
outside thermal environment and personal clothing. The field-surveyed TSV was used to 611 
compare with the results from the revised model. We did not separate the original dataset into 612 
the dataset for model development and the dataset for verification because the revised model 613 
was developed based on merely the measured skin temperature instead of the statistic regression 614 
using the subjective voting.  615 

  616 

Fig. 9 The relation between field-surveyed forehead TSV and overall TSV 617 
 618 

Table 3. Spearman correlation coefficient (𝑟𝑟𝑠𝑠) for the correlation between selected local body 619 
parts and the overall thermal sensation vote 620 
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Local body parts Forehead Chest Abdo Back Pelvis 
𝑟𝑟𝑠𝑠 0.73 0.30 0.66 0.32 0.43 

 621 

 622 

Fig. 10 Prediction results compared with the field-surveyed data (the revised model vs. the 623 
original model) 624 

 625 
Fig. 10 shows the comparison results of the simulated data and the field-surveyed data. Two 626 
datasets are shown in Fig. 10: the dataset using the original model framework along with the 627 
original CBE thresholds shown in Fig. 8 (c), and revised model along with the dataset using the 628 
null zone data (shown in Fig. 8 (a, b)). A 45-degree auxiliary line was added. The data points 629 
of the revised model were much closer to the 45-degree line than the simulation data of the 630 
original model. As the thresholds for local body parts in the original model were relatively high, 631 
the deviations of the measured local body temperature and the upper bound of the threshold 632 
were not large and thus very limited data points of the original model located in the hot side. 633 
On the contrary, the cold extreme was easy to be approached in this case. 𝑅𝑅2 was used to 634 
evaluate the performance of the revised model (Equation 8). 𝑅𝑅2 of the revised model was 635 
93.7%, while that of the original model was 76.2%. An improvement of 17.5% was realized 636 
through the revision.  637 
 638 
4 Conclusions 639 
 640 
This study focuses on the application of the CBE model in the outdoor environment. A primary 641 
comparison of the overall TSV and TCV from the field-collected and the CBE-simulated 642 
datasets organized using 𝑇𝑇𝑜𝑜𝑜𝑜 started the discussion. The CBE-simulated TSV was higher than 643 
the field-surveyed TSV. The CBE-simulated TCV was mainly located on the uncomfortable 644 
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side, while above half of the surveyed TCV was located on the comfortable side. To further 645 
locate the problem causing the difference in TSV prediction. A comparison between the field 646 
measured, and CBE-simulated mean skin temperature was conducted. A difference exists 647 
between the measured and simulated mean skin temperature. Therefore, the measured skin 648 
temperature was used as the input in the original CBE comfort model in further analysis to 649 
avoid the prediction difference generated by the multi-nodal thermal regulation model. 650 
Noticeable retention effect exists in the thermal neutral status of the local body parts when 651 
showing the relation between the local and mean body temperatures and field-surveyed TSVs. 652 
This phenomenon differs a lot from the CBE-simulated local and overall TSV datasets where 653 
“set-point” was applied.  654 
 655 
A discussion about the "null zone" and "set-point” was brought forward from two aspects: the 656 
adaptation to persistent thermal stimulus and the mechanism of the control theory for 657 
temperature regulation. Considered the fluctuating characteristics of the wind environment in 658 
the outdoors, it is proposed using the "null zone" instead of "set-point" in the calculation of 659 
"load error". A revised definition of “load error” used in thermal comfort studies was proposed 660 
as the deviation between the regulated variable and its threshold of null zone. The null zone 661 
ranges of skin temperature for different local body parts were defined for the first time in the 662 
real-life outdoor environment.  663 
 664 
Finally, the CBE comfort model was further developed to fit in outdoor settings. The revision 665 
mainly focused on two aspects: applying the measured null zone range in the calculation of 666 
local thermal sensation, adding the forehead as one of the dominant body parts when 667 
determining overall thermal sensation. About 93.7% of the variation in the field-surveyed 668 
overall TSV was addressed by the revised CBE comfort model. 669 
 670 
This paper focuses on improving the prediction accuracy of thermal sensation when applying 671 
the CBE comfort model in the outdoor conditions where no noticeable temperature change of 672 
air temperature and solar radiation. The improvement of the thermal comfort prediction is not 673 
the main issue under discussion, and we will address the thermal comfort issue in future studies. 674 
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Appendix 805 
 806 

 807 
Appendix 1. Schematic diagram of the logic flow in the overall thermal sensation model 808 
(reproduced based on the reference [14]) 809 
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