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ABSTRACT: 11 

People’s outdoor thermal sensation varies from that indoors. The highly asymmetric solar 12 
radiation and transient wind environment are the main causes. The University of 13 
California-Berkeley developed a multi-nodal human body thermal regulation model (the 14 
UCB model) to predict human thermal sensation and comfort in asymmetric and transient 15 
indoor environments. However, few studies compared its predictions with the survey 16 
responses outdoors. In this study, subjects’ thermal sensations outdoors were surveyed and 17 
compared with the UCB model predictions. Meteorological parameters were monitored 18 
using a microclimate station, and over a thousand human subjects’ thermal sensation levels 19 
were surveyed. Results point out that subjects were highly sensitive to the changes in wind 20 
speed, especially under low-radiation conditions. However, the UCB model failed to 21 
predict such a high sensitivity. Besides, subjects had a higher tolerance to high air 22 
temperatures in outdoor environments when the solar radiation was acceptable, but the 23 
UCB model over-predicted the TSV (thermal sensation vote) in such conditions. Both the 24 
on-site results and the predictions by UCB model showed that subjects were more sensitive 25 
to wind speed in hotter environments while they were least sensitive to solar radiation in 26 
neutral thermal conditions. This study helps to reveal the potential of a multi-nodal thermal 27 
regulation model to address the asymmetric and transient features of outdoor environments 28 
and indicates the need to further refine the model for better quantitative prediction of 29 
outdoor thermal sensation. 30 
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Nomenclature 

𝑎𝑎𝑘𝑘 
Absorption coefficients of the clothed 
human body in short-wave radiation; 
suggested value 0.7 

𝑇𝑇𝑏𝑏  Black globe temperature, °C 

𝜀𝜀𝑝𝑝 
Emissivity of the clothed human body 
in long-wave radiation; suggested value 
0.97 

𝑇𝑇𝑐𝑐𝑐𝑐  Measured clothing temperature, °C 

σ Stefan-Boltzmann constant, 5.67*10-8 
 W/𝑚𝑚2𝐾𝐾4 𝑇𝑇𝑔𝑔 Globe temperature, °C 

𝐴𝐴𝑟𝑟
𝐴𝐴𝐷𝐷

 
Ratio of effective radiation area and 
Dubois surface area; the value is 0.73 
for a standing person 

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚  Mean radiant temperature, °C 

ANOVA An analysis of variance 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚−𝑖𝑖 
Directional radiant temperature 
measured by the radiometer, i=1-6 

CFD Computational Fluid Dynamics 𝑇𝑇𝑠𝑠𝑠𝑠−𝑖𝑖 
Equivalent surface temperature of the 
wall in the imaginary room, i=1-6 

𝐹𝐹𝑖𝑖−𝑠𝑠𝑠𝑠 
Angle factor of the room surface to the 
differential area 𝑇𝑇𝑜𝑜 Operative temperature, °C 

ℎ𝑟𝑟 Radiative heat transfer coefficient, W/
𝑚𝑚2𝐾𝐾 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖 Local skin temperature, °C 

ℎ𝑐𝑐 Convective heat transfer coefficient, 
W/𝑚𝑚2𝐾𝐾 

𝑑𝑑𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖

𝑑𝑑𝑑𝑑
 

The derivative of local skin 
temperature 

𝐾𝐾𝑖𝑖 Short-wave irradiance,  W/𝑚𝑚2 𝑇𝑇�𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 The mean skin temperature 

𝐿𝐿𝑖𝑖 Long-wave irradiance,  W/𝑚𝑚2 
𝑑𝑑𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑑𝑑𝑑𝑑

 The derivative of core temperature 

LSD Least significant difference UCB model UC-Berkeley Thermal Comfort 
Model 

MTSV Mean Thermal Sensation Vote UTCI Universal Thermal Climate Index 
OUT-SET* Out-Standard Effective Temperature v  Wind speed, m/s 

PET Physiologically Equivalent 
Temperature SET* Standard Effective Temperature 

PMV Predicted Mean Vote SPMV Standard Predicted Mean Vote 
TCV Thermal Comfort Vote 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  Dynamic thermal sensation 
TSV Thermal Sensation Vote 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  Static thermal sensation 

RH Relative humidity, % 𝑊𝑊𝑖𝑖 

Directional dependent weighting 
factor. With the reference shape of a 
standing man, 0.06 for the vertical 
directions and 0.22 for the lateral 
directions [1] 

𝑇𝑇𝑎𝑎 Air temperature, °C   
 35 

1. Introduction 36 

The demand for “comfortable” living environments is always a core topic in the area of 37 
building environment [2]. Comfortable indoor environments can be created and 38 
mechanically-controlled. In contrast, the status of thermal comfort is difficult to be 39 
remained in the outdoor environments where wind speed and solar radiation change rapidly. 40 
Nevertheless, people continue contributing to build “comfortable” outdoor environments. 41 
In the 1990s, microclimates in urban areas gained notice [3]. Studies [2] have been carried 42 
out to assess the factors that could affect comfort in outdoor environments, such as 43 
streetscape aesthetics, noise, and air quality. Thermal and wind effects were found to be 44 
two of the most influential factors [2]. Thermal and wind conditions can be greatly 45 



reformed by the arrangement of building clusters [4] and trees [5]. Thus, in the process of 46 
urban upgrades and city development, urban designers, architects and engineers will be 47 
continually challenged as the importance of outdoor thermal comfort increases. Thermal 48 
comfort is a complex concept and varies widely between objective and subjective 49 
evaluation [6]. Meteorological parameters strongly influence thermal sensation, which 50 
accounts for the objective part of thermal comfort [6]. It is widely known that six variables 51 
affect outdoor thermal sensation, including four meteorological variables (solar radiation, 52 
wind, ambient air temperature, and humidity) and two personal variables (activity level 53 
and clothing value) [3]. Liu et al. [7] observed long-term meteorological parameters and 54 
found air temperature was the most critical parameter in determining outdoor thermal 55 
sensation. However, outdoor conditions under building shadings were not their main 56 
concern. The shading conditions were considered by the study of Johansson [8], in which 57 
solar radiation were found to be vital factors affecting PET (Physiologically Equivalent 58 
Temperature). Attempts to quantify the effects of these six variables in defining outdoor 59 
thermal sensation and thermal comfort have been strongly pursued in recent years.  60 
 61 
Many thermal indices addressing these six variables have been developed to evaluate and 62 
predict thermal sensation and thermal comfort, such as PET (Physiologically Equivalent 63 
Temperature) [9], SET* (Standard Effective Temperature) [10], SPMV (Standard 64 
Predicted Mean Vote) [10], UTCI (the Universal Thermal Climate Index) [11] and the 65 
UCB model (a multi-node human body thermal regulation model developed by the 66 
University of California-Berkeley) [12] etc. Several research institutes have been using 67 
these thermal comfort indices when designing and assessing urban environments. 68 
Murakami et al. [13] combined the CFD simulation results with a radiation simulation of a 69 
Tokyo city block to produce a spatial distribution map of SET* values. Middel et al. [5] 70 
increased the prediction accuracy of solar radiation spatial distribution by generating 71 
synthetic hemispherical fisheye views from Google Earth. A distribution map of PET based 72 
on the solar radiation prediction results was generated, hoping to increase the prediction 73 
accuracy of outdoor thermal comfort level [5]. Liu et al. [14] reported a simplified method 74 
combining with the measured thermal parameters and the simulated wind velocity by CFD 75 
to predict pedestrian level thermal comfort around an underneath-elevated building. Wind 76 
tunnel test results were also adopted in developing a thermal comfort map based on the 77 
PET index [15]. In general, there is a strong expectation of having a tool to accurately 78 
predict spatial outdoor thermal sensation and comfort when designing a sustainable 79 
community. But whether the existing thermal indices can accurately predict thermal 80 
sensation and comfort in an outdoor urban environment remains unknown and further 81 
assessment is needed. 82 
 83 
These thermal indices were mainly developed by three approaches. The most direct and 84 
simple way is to build up a linear correlation between thermal sensation vote and a 85 
combination of meteorological parameters (solar radiation, wind speed, air temperature, 86 
and humidity) [16]. The models developed based on this approach are called the empirical 87 
models [7]. Liu et al. [7] correlated the thermal sensation vote with four outdoor 88 
meteorological parameters: air temperature, wind speed, absolute humidity and thermal 89 
radiation, and built up empirical models for Changsha based on long-term field observation. 90 
The empirical method is the most straightforward one to determine the relationship 91 



between thermal sensation and meteorological parameters. However, it is region-specific. 92 
The linear correlation result can only be applied to a limited region and a group of subjects. 93 
Applying these results to model a region with a climate condition differs from that of the 94 
experimental location should be revised with correlation factors [17]. In the outdoors, the 95 
asymmetric distribution of solar radiation and transient wind environment form different 96 
microclimates, which makes the linear regression results more difficult to be applied. 97 
 98 
The second approach is based on energy budget models, such as the PMV (Predicted Mean 99 
Vote) index [18]. The heat flux exchange between a human body and the ambient 100 
environment is the main concern of this approach. Existing thermal indices of this kind 101 
were all developed under steady thermal conditions, where subjects were assumed to reach 102 
a thermally equivalent status [18]. The thermal indices developed based on this assumption 103 
might not be suitable for the outdoors. Human bodies might be exposed to very different 104 
thermal conditions, such as simply walking from an air-conditioned indoor space 105 
(comfortably neutral condition) to an extreme outdoor environment (cold winter or hot 106 
summer). A thermally stable condition is practically impossible to be reached in this 107 
instance [18], which makes the existing thermal indices developed from energy balance 108 
models inappropriate for outdoor environments.   109 
 110 
The third approach relates to thermo-physiological aspects [16, 18] such as SET* [10], 111 
OUT-SET* [19], PET [9], the UTCI [11], and the UCB model [12]. This approach focus 112 
on the stimulation of the thermal receptors located in the skin and the core, which perceive 113 
different levels of cold and warmth, then send signals to the brain [20, 21]. The main 114 
development of this approach in these years maintains at improving its details. The 115 
primitive ones were all based on the two-node model (the core node and the skin node), for 116 
instance, SET* [10, 22, 23], OUT-SET* [19] and PET [9]. Simply treating the human body 117 
as a two-node model often creates prediction errors when the thermal conditions are 118 
asymmetric and unstable. Xi et al. [22] discovered that the neutral SET* varied when tested 119 
near different building blocks in the outdoors. Huang et al. [24] found different linear 120 
regression relations between PET and surveyed MTSV (Mean Thermal Sensation Vote) 121 
existed in different microclimates within one campus area. Human bodies are divided into 122 
more specific compartments in the UTCI compared to the early-stage thermal indices. In 123 
total, 12 compartments and 187 nodes are consisted in the UTCI model. It was expected to 124 
be available to solve the asymmetry problem by considering the heat transfer function 125 
separately for different body tissues and segments. Though this model has considered the 126 
rate of change of 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 and 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 to cover transient conditions, its experimental validations 127 
was obtained at thermal uniform conditions [25]. Recently, some researchers attempted to 128 
verify its application in the outdoors: some focused on the operating parameters [26] and 129 
some on result comparisons [27]. From the results of Weihs et al. [26], asymmetric solar 130 
radiation condition could lead to misprediction in the UTCI model. When solar elevation 131 
was low, an error up to 2K appeared [26]. Acclimatization effects could also cause 132 
prediction difference in the outdoor usage of the UTCI model [28]. Longer exposure 133 
(minimum 30 minutes) could reduce prediction errors [28], which suggested that the UTCI 134 
model might perform better when thermal balance was established. Lai et al. [27] found 135 
substantial differences in the UTCI prediction results when comparing the climates in 136 
northern China and the Mediterranean [29]. UTCI is able to give better prediction results 137 



than its older counterparts, but its application in the outdoors still needs further validation 138 
and amendment [30]. Whether it is the best choice for outdoor thermal condition prediction 139 
still remains controversy. 140 
 141 
Similar physiological parameters were considered in the UCB model as in the UTCI model. 142 
However, the UCB model’s prediction of thermal sensation and thermal comfort was more 143 
specifically based on skin temperature measurements on 19 local body parts and the core 144 
[12]. The experimental conditions of the UCB model were of a wider range than those of 145 
the UTCI model. Conditions including stable, transient, asymmetric, and uniform thermal 146 
environments were considered in the UCB model by controlling air temperatures within 147 
air sleeves focused on different body parts [12]. The UTCI model was developed based on 148 
heat transfer equations and empiric values from previous studies and a large amount of pre-149 
existing human subject test data. In contrast, the UCB model was developed by building 150 
up a regression model between collected thermal sensation vote, thermal comfort vote, 151 
local skin temperature, core temperature and the rate of change of skin and core 152 
temperatures [12, 31, 32]. The experiment was conducted and validated in an indoor 153 
environment. The UCB model showed its strength in predicting thermal sensation in 154 
asymmetric and transient indoor environments. Zhou et al. [33, 34] compared the predicted 155 
mean skin temperature and thermal sensation results of the UTCI and UCB models against 156 
measured data of Chinese people in an indoor environment and found that the UCB model 157 
showed less discrepancy in the prediction of skin temperature. Zhou et al. [33] also formed 158 
transient and asymmetric environments by an air nozzle in constant air speed to validate 159 
the UCB prediction results, but the thermal environments formed by the air nozzle were 160 
much less complicated than the real outdoor environments. Other studies of the UCB model 161 
regarded its application. Han et al. [35] and Alahmer et al. [36] used it as a simulation tool 162 
to predict thermal comfort in vehicular spaces without conducting on-site measurements. 163 
Gao et al. [37] coupled the UCB model with a CFD simulation to evaluate occupants’ 164 
thermal comfort in a displacement ventilation system and a mixing ventilation system with 165 
personalized ventilation.  166 
 167 
Despite the potential advantages of the UCB model, yet, no existing studies have realized 168 
its application in the outdoor thermal sensation and comfort prediction. Moreover, this 169 
model has not been validated in an outdoor environment before, so whether the UCB model 170 
can give accurate prediction results in the fast-changing and asymmetric thermal 171 
environment of the outdoors remains unknown. The aims of the present study are to 172 
evaluate the potential application of the UCB model for rapidly changing and highly 173 
asymmetric outdoor environments and analyze the influence of meteorological parameters 174 
on thermal sensation from a new angle. 175 



2. Methods 176 

2.1. On-site survey 177 

Our investigation was conducted on the campus of the Hong Kong Polytechnic University 178 
in southern China. Three sites were selected to cover different microthermal environments, 179 
as shown in Fig. 1. Sites 1 and 3, which were located in a passage of underneath-elevated 180 
buildings, represented semi-outdoor environments. The wind environment on Site 3 was 181 
more complex than Site 1 in the aspect of fast-changing wind speed. Site 2 was an open 182 
square that receive direct sunlight. 183 

Fig.1 Survey locations 184 

The field survey was conducted from March 30th, 2016, to December 12th, 2016. A total of 185 
25 survey dates were involved, covering the typical climate features of cool winter, hot 186 
summer, and the transitional seasons in southern China. In total, 1107 questionnaire 187 
samples were collected. On each survey day, human subjects were invited to experience 188 
different microclimates following the sequence from Site 1 to Site 3. Subjects were asked 189 
to spend 15 minutes in each site, sitting, standing, or slowly walking around within a 190 
specific area, with their metabolic rates being recorded in the range between 0.79 and 2.34 191 
Met. The mean value for the metabolic rate was 1.17 Met, with a standard deviation of 0.22 192 
Met. The survey results that had a metabolic rate higher than 2.0 Met were abandoned in 193 
the data analysis. After a 15-minute adaptation to the given microthermal environment, 194 
each subject completed a thermal comfort questionnaire that was delivered to their mobile 195 
phone.  196 
 197 
The thermal comfort questionnaire collected personal details (gender, age, height, weight, 198 
and clothing information), and asked questions about the subject’s activity level, standing 199 



direction, thermal sensation, thermal comfort, and wind and radiation preference. The 200 
ASHRAE seven-point thermal sensation scale [38] was adopted to evaluate the subjects’ 201 
actual thermal sensation. The thermal comfort scale followed a five-point scale as very 202 
uncomfortable, uncomfortable, neutral, comfortable, and very comfortable. Table 1 203 
describes the general information of human subjects. The clothing insulation is shown in 204 
Table 2. People’s clothing insulation did not vary a lot when the season changed, this might 205 
owe to the warm winter in 2016 and the normal dressing habit of Hong Kong people.  206 

Table 1. General Information of Human Subjects 207 

 Age Weight (kg) 
Male/Female 

Height (cm) 
Male/Female 

Metabolic 
Rate (Met) 

Mean 25 67.33/52.17 172.9/161.2 1.17 
Median 22 65/52 173/160 1.15 
Standard 
Deviation 8.24 12.14/6.38 6.23/4.67 0.22 

Minimum 15 43/40 161/148 0.79 
Maximum 63 100/75 194/180 2.34 

Table 2. Clothing Insulation  208 

 Clothing Value: 
𝑇𝑇𝑎𝑎<30°C (Clo) 

Clothing Value: 
𝑇𝑇𝑎𝑎≥30°C (Clo) 

Mean 0.48 0.48 
Median 0.46 0.46 
Standard 
Deviation 0.24 0.22 

Minimum 0.16 0.16 
Maximum 1.20 1.19 



2.2. Measurement instructions and parameters 209 

 210 

Fig. 2 Microclimate station 211 

A microclimate station was constructed to collect the meteorological parameters at the 212 
survey location. As shown in Fig. 2, the devices were supported by a tripod at 1.5 m height. 213 
Real-time collection of eight parameters was performed in the microclimate station, 214 
including air temperature (𝑇𝑇𝑎𝑎, °C), globe temperature (𝑇𝑇𝑔𝑔, °C), relative humidity (RH, %), 215 
wind speed ( v , m/s), wind direction, black globe temperature (𝑇𝑇𝑏𝑏 , °C), long-wave 216 
irradiance (𝐿𝐿𝑖𝑖 , W/m2), and short-wave irradiance (𝐾𝐾𝑖𝑖 , W/m2). A Ta/RH sensor (model 217 
41382, R.M. YOUNG, USA) was used to collect air temperature and relative humidity data. 218 
An ultrasonic anemometer (model 81000, R.M. YOUNG, USA) recommended by 219 
ASHRAE handbook for meteorological parameters measurement [10], was able to measure 220 
both wind speed and direction. They were calculated from the difference in the times of 221 
flight of an ultrasonic pulse travel along two reverse directions on each axis. It should be 222 
noted that the monitored wind direction range is 0 to 360°, while the elevation range is 223 
limited to ±60°. A black globe thermometer (model HQZY-1, TJHY, China) was used to 224 
measure the black globe temperature. In addition, a set of net radiometers (model CNR4, 225 
KIPP&ZONEN, the Netherlands) consisting of three pyranometer and pyrgeometer arms 226 
was used to collect long-wave and short-wave irradiation from six directions (the upper, 227 
ground and lateral directions). Both methods can be used to estimate the mean radiant 228 
temperature. The sampling interval for all parameters was set as 10 seconds. A more 229 



specific information about the sensors used in the microclimate station has been reported 230 
in the authors’ previous study [24].  231 
 232 

2.3. Calculation method for radiant temperature 233 

2.3.1. Mean radiant temperature 234 

Mean radiant temperature is defined as “uniform temperature” in the ASHRAE 235 
fundamental handbook [10]. The calculation of mean radiant temperature was based on the 236 
six-directional technique, which was considered as the most accurate measurement method 237 
to obtain a 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 value in an outdoor environment, as stated in Eq. (2.1) [1].  238 

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 = �∑
𝑊𝑊𝑖𝑖(𝑎𝑎𝑘𝑘𝐾𝐾𝑖𝑖+𝜀𝜀𝑝𝑝𝐿𝐿𝑖𝑖)

𝜀𝜀𝑝𝑝𝜎𝜎
− 273.16

𝑖𝑖=1
4        (2.1) 239 

2.3.2. Radiant temperature from six enclosed surfaces 240 

In the UCB model, it was assumed that a person was standing in an imaginary enclosed 241 
room (5 m × 5 m × 5 m) with different radiant temperatures of six wall surfaces. To 242 
simulate the asymmetric radiation condition in an outdoor environment, the long-wave and 243 
short-wave irradiation data collected in six directions by the radiometers was used in the 244 
calculation of six directional radiant temperatures, 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚−𝑖𝑖 (i =1, 2, … , 6). Then the 245 
equivalent temperatures of the six surfaces of the imaginary room were calculated. The 246 
radiometer was assumed to be at the center of the imaginary room, receiving equivalent 247 
radiation from the surface of the imaginary room. The surface of the radiometer facing in 248 
any one direction was assumed as a differential area, which formed an enclosure with those 249 
parts within the view in the imaginary room. Six surfaces formed six different enclosures. 250 
Within each enclosure, according to the method of calculating angle factor between a finite 251 
surface and a differential surface [39], six equations for calculating angle factors can be 252 
developed. The angle factor for the upper surface was 0.554126 in the imaginary enclosure 253 
and 0.111468 for the four lateral surfaces. Repeating this method in six directions, the 254 
equivalent surface temperature of the imaginary room can be obtained by solving the 255 
simultaneous linear equation of 4

imrtT −
(i =1, 2, …, 6) as shown in Eq. (2.2). 256 

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚−𝑖𝑖4 = 𝑇𝑇𝑠𝑠14 𝐹𝐹𝑖𝑖−𝑠𝑠1 + 𝑇𝑇𝑠𝑠24 𝐹𝐹𝑖𝑖−𝑠𝑠2+𝑇𝑇𝑠𝑠34 𝐹𝐹𝑖𝑖−𝑠𝑠3 + 𝑇𝑇𝑠𝑠44 𝐹𝐹𝑖𝑖−𝑠𝑠4 + 𝑇𝑇𝑠𝑠54 𝐹𝐹𝑖𝑖−𝑠𝑠5 + 𝑇𝑇𝑠𝑠64 𝐹𝐹𝑖𝑖−𝑠𝑠6  (2.2) 257 

2.3. Method of calculating To 258 

The operative temperature 𝑇𝑇𝑜𝑜 describes the total sensible heat exchange by convection and 259 
radiation between human and ambient environment [10]. As described in Eq. (2.3), the 260 
operative temperature can be defined as the weighted average of the mean radiant and 261 
ambient air temperature. In this equation, the radiative heat transfer coefficient can be 262 
calculated by Eq. (2.4), but it is not always possible to solve Eq. (2.4) due to a lack of 263 
information for 𝑇𝑇𝑐𝑐𝑙𝑙. Fortunately, ℎ𝑟𝑟 is nearly constant for most conditions, and a value of 264 
4.71W/m2K  is sufficient for most calculations [38]. However, the equations for estimation 265 
of ℎ𝑐𝑐 are determined by relative wind speed. The highest wind speed for a standing person 266 



listed in the ASHRAE standard 55 table [38] was 1.5 m/s, which was not applicable for 267 
some of our experimental conditions. Thus, de Dear’s equation [40] was referred in this 268 
study, in which the experimental wind speed for ℎ𝑐𝑐  regression was up to 5 m/s. The 269 
estimation of ℎ𝑐𝑐 is shown in Eq. (2.5). 270 

𝑇𝑇𝑜𝑜 = ℎ𝑟𝑟𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚+ℎ𝑐𝑐𝑇𝑇𝑎𝑎
ℎ𝑟𝑟+ℎ𝑐𝑐

         (2.3) 271 

ℎ𝑟𝑟 = 4𝜀𝜀𝑝𝑝𝜎𝜎
𝐴𝐴𝑟𝑟
𝐴𝐴𝐷𝐷

(459.7 + 𝑇𝑇𝑐𝑐𝑐𝑐+𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚
2

)3       (2.4) 272 

ℎ𝑐𝑐 = 10.3𝑣𝑣0.6          (2.5) 273 

2.4. A brief description of the UCB model 274 

The UCB model was developed from thermo-physiological measurements (skin and core 275 
temperatures) and was then validated with real passengers sitting in automobiles within a 276 
climate chamber [12]. It was hypothesized in this model that the thermal sensation feeling 277 
was based on a self-thermoregulation system, which was triggered by the sensory organs 278 
(thermal receptors) located in the skin, spin and some abdominal organs [41]. The number 279 
and depth of warm and cold receptors varied from part to part in human body [41], which 280 
was the reason a multi-node model should be adopted when the un-uniform thermal 281 
environment was concerned. During the experiment, human subjects were asked to wear 282 
air sleeves of conditioned air that enclosed specific body segment to force the individual 283 
body parts through a range of temperatures. The subjects’ local skin temperatures and core 284 
temperatures were measured and they were repeatedly surveyed for local and whole-body 285 
sensation and comfort level [42]. An extended ASHRAE seven-point scale, adding “+4 286 
very hot” and “-4 very cold”, was used to evaluate thermal sensation [12]. The thermal 287 
comfort level scale was a symmetric six-point scale : “+4 very comfortable”, “+2 288 
comfortable”, “0 just comfortable”, “-0 just uncomfortable”, “-2 uncomfortable”, “-4 very 289 
uncomfortable” [32]. To obtain thermal responses in individual body segments under 290 
transient and asymmetric conditions, most of the tests involved cooling local body parts 291 
under warm conditions followed by warm recovery, and a limited number of tests warmed 292 
local body parts under cool conditions [12].  293 
 294 
In the UCB model, the local thermal sensation was divided into two parts: static and 295 
dynamic parts (Eq. (2.6)) [12]. The static local sensation was a logistic function of the 296 
difference between local skin temperature and its set point, while the dynamic local 297 
sensation was determined by the derivatives of skin and core temperature [12]. The entire 298 
local sensation equation followed the form as Eq. (2.7) [12]. The weight of each local body 299 
part in determining overall thermal sensation was obtained from experimental data. The 300 
overall thermal sensation was considered by two different conditions separately: “no 301 
opposite sensation” and “opposite sensation” conditions [31]. If no body parts feel 302 
significantly opposite to the other body parts, it was termed the “no opposite sensation” 303 
condition; otherwise, “opposite sensation” condition was termed [31]. Each body part 304 
accounted for a certain weight in determining overall thermal sensation if “no opposite 305 
sensation” condition was considered [31]. If “opposite sensation” condition was considered, 306 
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the whole body sensation led the overall thermal sensation while the “opposite parts” 307 
modified it [31]. 308 

Local Sensation = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑     (2.6) 309 

Local Sensation = ∫(𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖,
𝑑𝑑𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖

𝑑𝑑𝑑𝑑
,𝑇𝑇�𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, 𝑑𝑑𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑑𝑑𝑑𝑑
)     (2.7) 310 

In the UCB model software, the collected personal details can be input in the body builder, 311 
such as height, weight, age, and gender. A clothing modeler was embedded in the UCB 312 
model, normal summer and winter clothing can be found in the clothing library. For each 313 
specific human subject, clothing as recorded in the survey was selected in the UCB 314 
simulation.   315 
 316 
The air temperature and air speed can be set inside the imaginary room. The air temperature 317 
was set as uniform during the simulation, and the air speed had a maximum of 2 m/s. The 318 
asymmetric solar radiation condition was set using the “panel condition setting” in the 319 
software. To better simulate solar conditions, each panel in the imaginary room was set as 320 
a large window of 4.99 m width and height, with a 0.01 m wide wall frame. Each panel 321 
was set to the calculated surface radiant temperature according to its direction. The 322 
imaginary subject was located at the center of the room, in the actual standing direction as 323 
they were during the on-site experiment. The absorption coefficient and emissivity were 324 
both set as 1.0 for the open window in the imaginary room to ensure the real radiant 325 
temperature as on-site. 326 

3. Results and discussion 327 

3.1. Meteorological data analysis 328 

  



(c) 

(e) (f) 

(d)   

  

Fig. 3 The meteorological data measurement results obtained by the microclimate station: 329 
(a) radiant temperature measured at Site 1; (b) radiant temperature measured at Site 2; (c) 330 
radiant temperature measured at Site 3; (d) wind speed measurement results for the three 331 

sites; (e) wind direction measurement results for the three sites; (f) air temperature 332 
measurement results for the three sites 333 
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Fig. 4 The wind rose distribution (a)Wind rose distribution at Site 1 (b) Wind rose 334 
distribution at Site 2 (c) Wind rose distribution at Site 3 335 

Fig. 3 shows the meteorological data collected by the microclimate station in one typical 336 
survey day. The distribution of the solar radiation values from three survey sites are shown 337 
in Fig. 3 (a) to (c). A large variation of solar radiation was visible from six directions. These 338 
data were collected from 3:00 PM to 4:00 PM, for 15 minutes at each survey site. Although 339 
Sites 1 and 3 were sheltered by the underneath-elevated building block, the difference 340 
between these two sites was noteworthy. The solar radiation condition was greatly affected 341 
by the surrounding building clusters and sampling sites. There was a large directional 342 
difference in the radiation temperatures. The radiation temperature from the south was 343 
higher than that from the other directions at Site 1. It was followed by the radiation coming 344 
from the west. At Site 3, radiation from the south was slightly higher than the other 345 
directions, and radiation from the west was the lowest. Low radiation temperatures from 346 
the ground was detected at Sites 1 and 3; while, at Site 2, which received direct solar 347 
radiation, the radiation temperature from the ground was similar to that from the other 348 
directions. In the Site 2 dataset, the radiation temperatures from the upper side and the west 349 
were much higher than from other directions. Shadings can effectively reduce radiation 350 
coming from all directions, especially from the above.  351 
 352 
Fig. 3 (d to f) shows the instantaneous distribution of wind speed, wind direction, and air 353 
temperature respectively.  The air temperature at the three sites was fairly stable during the 354 
sampling time; the change remained within 0.5 °C. The unstable parameters came from 355 
windy environments, especially those in the urban area and surrounded by tall buildings. 356 
The highest wind speed was detected at Site 3. The transient wind speed could reach 7 m/s 357 
and generally stayed at around 2 to 3 m/s. The lowest wind speed was recorded at Site 2, 358 
which was around 0.4 m/s. Wind environment can differ greatly from location to location, 359 
even within one campus, affected by building arrangement and structure. The wind 360 
direction changed frequently during the survey period, but most of the time it stayed at the 361 
main direction as shown in the wind rose figure (Fig. 4). In the recording day, the wind 362 
mainly came from the NNE for Site 1, from the NW for Site 2, and from the WSW for Site 363 
3. For Sites 1 and 3, the wind could pass through the underneath of the elevated building 364 
block without much obstruction. Thus, the wind followed the seasonal wind direction and 365 
fluctuated at a relatively stable range. Three buildings surrounded the measurement point 366 
at Site 2, so the wind flowed through Site 2 at pedestrian height was blocked. The wind 367 
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direction at Site 2, therefore, was more dispersed. Wind environments from the outdoor 368 
settings were much more complex than that indoors, introducing further uncertainty when 369 
defining thermal sensation and thermal comfort. For indoor thermal comfort studies, it is 370 
recommended that omnidirectional anemometers should be used for air velocity 371 
measurement to ensure the accuracy [10, 43]. Limited by the measurement range of 372 
elevation angle in the ultrasonic anemometer of the microclimate station, measurement of 373 
omnidirectional air velocity might not be accurate where downdraft velocity was 374 
significant. An omnidirectional ultrasonic anemometer should be considered for further 375 
outdoor thermal comfort experiment. 376 

3.2. Comparison of the surveyed TSV and simulated TSV (by the UCB model) over 377 
the whole range of operative temperature 378 

  

Fig. 5 Thermal sensation data over the experiment period (a)Top vs TSV; (b)Top vs TSV-379 
UCB 380 

Fig. 5 presents the distribution of mean thermal sensation which covers all the experiment 381 
dates. Fig. 5 (a) covers subjects’ actual thermal sensations from cool winter to hot spring 382 
in Hong Kong, which is a typical representation of hot and humid Asian climate. The 383 
collected air temperatures ranged from 21°C to 36 °C. In 2016, Hong Kong had a warm 384 
winter, so thermal sensation in cold winter conditions was not able to be collected. 385 
However, the transitional seasons and the summer period during the experiment represent 386 
the city’s typical climate. Fig. 5 (b) shows the UCB simulated TSV results. 387 
 388 
When people expressed their thermal sensation in the range of acceptable conditions 389 
(between “-1 TSV” and “+1 TSV”), the mean operative temperature was 27 °C. The 390 
corresponding operative temperature was 26°C when the simulated TSV remained at an 391 
acceptable range, which was close to the on-site survey result. Observed from Fig. 5 (a), 392 
the operative temperature which remained at acceptable condition was in the range of 20 °393 
C to 35 °C. By contrast, most of the accepted TSV concentrated at around 25 °C in the 394 
simulated TSV result. The range of acceptable operative temperature in the outdoors was 395 
much higher than that recorded indoors (in the literature, the range of acceptable 396 
temperature in an indoor environment was between 18 °C and 26.8 °C [44]). The simulated 397 
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TSV clustered at “+1 TSV” to “+3.2 TSV” when the operative temperature was in the range 398 
of 30 to 35 °C (Fig. 5 (b)), which was much higher than the voted TSV. This phenomenon 399 
indicates that people had a higher tolerance for high temperatures when exposed to the 400 
outdoor environment.  401 
 402 
It is interesting that there is a large variance shown in the range of voted thermal sensation 403 
around the operative temperature between 30 °C and 35 °C, from “-0.7 TSV” to “+2 TSV”. 404 
The long TSV span denotes that some factors in the outdoor environments could contribute 405 
more in decreasing subjects’ thermal sensation in the recorded cases. The authors’ previous 406 
study based on the climate characteristics of Hong Kong has pointed out solar radiation 407 
and wind speed were two main factors that create thermal sensation difference of short-408 
term exposure by comparing three microclimate conditions where air temperature and 409 
humidity remained similar [24]. Thus, wind and solar radiation will be the focus of the 410 
following analysis.  411 
 412 
In the range of 40 °C to 45 °C, where high solar radiation contributed to a further increase 413 
of operative temperature, the voted thermal sensation did not present an obvious increasing 414 
trend. The seven-point scale in ASHRAE standard 55 [38] might not be appropriate for 415 
people to express their thermal sensation in hot summer outside, especially when high 416 
radiation circumstances are encountered. Instead, the nine-point scale used in the UCB 417 
model [12], adding “+4 TSV” and “-4 TSV” to express “too hot” and “too cold” 418 
respectively, is recommended for application in the outdoor thermal comfort experiment 419 
and our further experiment. 420 

3.3. Comparison of the surveyed TSV and simulated TSV (by UCB model) over the 421 
change in wind speed 422 

  

Fig. 6 Comparison of on-site TSV and UCB-simulated TSV over a range of wind speeds 423 
(a) on-site data, (b) UCB data 424 

To analyze the effects of wind speed in decreasing thermal sensation in outdoor 425 
environments, the collected data was split into three groups according to the level of wind 426 
speed in one experimental period. The group with a wind speed lower than 1 m/s was 427 
termed the breeze group; between 1 m/s and 2 m/s was termed the mild wind group; and 428 
between 2 m/s and 3 m/s was termed the strong wind group. Generally, the strong wind 429 
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group was only detected at Sites 1 and 3, where wind could blow through the elevated level. 430 
But the operative temperature of Sites 1 and 3 was not as high as Site 2 due to the shading 431 
created by the elevated level. Thus, no data could be collected for the strong wind group 432 
when the operative temperature was high.  433 
 434 
Linear regression was performed to describe the trend of thermal sensation with the 435 
increase of operative temperature. The R square for each linear regression was higher than 436 
0.7. From Fig. 6 (a), it is obvious that when compared to the breeze group, the mild wind 437 
made people feel cooler when the operative temperature remained the same. The cooling 438 
effect was stronger when the operative temperature was lower than 34 °C. When the 439 
operative temperature was higher than 34 °C, the cooling effect brought on by increased 440 
wind speed was weakened. This was the interval where the radiant temperature was high. 441 
A t-test was conducted to verify the cooling effect of increased wind speed within this 442 
interval. The p-value for the breeze group and the mild wind group was 0.098 (larger than 443 
0.05), demonstrating that increasing the wind speed to mild wind group did not create a 444 
thermal sensation difference when the operative temperature was higher than 34 °C. 445 
ANOVA analysis (An analysis of variance) was conducted to test the differentiation of 446 
voted thermal sensation between the three wind speed groups. Only the data lower than 34 °447 
C was used in the analysis. They all satisfied the homogeneity test of variance, and thus 448 
the ANOVA result analyzed with the least significant difference (LSD) method was 449 
confidential. The p-value for the breeze and mild wind groups was 0.005 (lower than 0.05), 450 
indicating that increasing wind speed from 0-1 m/s to 1-2 m/s can create a significant 451 
thermal sensation difference. Similar results were found when the breeze and strong wind 452 
groups were compared. However, the p-value for the mild wind and strong wind groups 453 
was 0.092 (larger than 0.05), meaning that further increasing the wind speed from 1-2 m/s 454 
to 2-3 m/s did not make people feel cooler.  455 
 456 
Considered the simulated thermal sensation results, only the breeze group and mild wind 457 
group were simulated. Because the UCB model was developed in an indoor environment, 458 
where wind speed above 2 m/s rarely occurs, simulations of wind speed higher than 2 m/s 459 
were not able to be performed in the development stage of the UCB model software. The 460 
simulated thermal sensation result (Fig. 6 (b)) did not show any difference between two 461 
different wind speed groups. The dataset from the breeze group highly coincided with that 462 
of the mild wind group in full range of the operative temperatures. The t-test results 463 
supported this finding, with a p-value of 0.319 (much larger than 0.05). Increasing the wind 464 
speed from 0-1 m/s to 1-2 m/s did not create a difference in the predicted thermal sensation. 465 
It seems the cooling effect of increasing wind speed in an outdoor environment were more 466 
obvious than in the experimental results indoors. People were more sensitive to changes in 467 
wind speed when outdoors.  468 
 469 
The most crucial part of the UCB model was building the prediction function of subjects’ 470 
thermal sensation. The thermal sensation prediction model was developed from the dataset 471 
obtained from the local skin temperature control experiment, which was performed by 472 
controlling the air temperature within air sleeves [12]. The heat was transferred to the air 473 
sleeves mostly through conduction. The cooling effect of air movement was weakened in 474 
the UCB model. Moreover, the highest tolerable wind speed was 0.8 m/s in an indoor 475 



environment, as recommended by ASHRAE 55 [38]. Wind speeds higher than this range 476 
lead to draft discomfort indoors. There is no doubt that the cooling effect of higher wind 477 
speeds was not the focus of the UCB model, as it was intended to predict thermal conditions 478 
indoors and in vehicles. Further experiments that combine the UCB model structure with 479 
the meteorological parameters and the physiological features of subjects in outdoor 480 
environments should focus more on the amendment of heat conduction and convection 481 
terms. The reasons that further increasing wind speed from 1-2 m/s to 2-3 m/s did not create 482 
thermal sensation difference should also be explained using physiological and 483 
psychological data. 484 

3.4. Comparison of the surveyed TSV and simulated TSV (by the UCB model) over 485 
the change of solar radiation levels 486 

  

Fig. 7 Comparison of on-site TSV and UCB-simulated TSV at different solar radiation 487 
levels (a) on-site data, (b) UCB data 488 

Fig. 8 Percentage distribution of people’s feelings on sun radiation 489 

Fig. 7 shows the comparison of thermal sensation result difference (on-site surveyed data 490 
and UCB-simulated data) for different solar radiation levels. Solar radiation was divided 491 
into three groups according to the difference between mean radiant temperature and air 492 
temperature (∆T). When ∆T was lower than 10 °C, it was termed the low radiation group; 493 
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when ∆T was between 10 °C and 20 °C, it was termed the mid radiation group; and when 494 
∆T was between 20 °C and 30 °C, it was termed the high radiation group. The low radiation 495 
group only appeared in the operative temperature range of 20 °C to 35 °C, whereas the mid 496 
and high radiation groups appeared in the operative temperature range of 29 °C to 45 °C. 497 
The limitation of the distribution of different solar radiation levels was mostly attributed to 498 
the climate characteristics of Hong Kong.  499 
 500 
From the on-site data (Fig. 7 (a)), it is obvious that the surveyed thermal sensation in the 501 
low radiation group is much lower than that in the mid and high radiation groups. It is 502 
interesting to note that although the operative temperature was as high as 30 °C to 35 °C, 503 
subjects still noted their thermal feelings to be acceptable (slightly warm) as long as the 504 
radiation level was low. However, this range of operative temperature was noted as 505 
unacceptable in indoor environments when the relative humidity was higher than 60% [38] 506 
(in a typical summer of Hong Kong, the relative humidity is normally higher than 60%). 507 
This phenomenon indicates that people could better tolerate high air temperatures outdoors 508 
in the case of the radiation level was acceptable. In Fig. 7 (a), the trend line of the low 509 
radiation group is not in the same line as the mid and high radiation groups, but the slopes 510 
are similar. The sudden change of TSV demonstrates that even medium radiation could 511 
lead to intolerable hot feelings outdoors. Upgrading solar radiation from low- to mid-level 512 
could significantly increase people’s thermal sensation levels. To understand subjects’ 513 
feelings in radiation, the question “Do you agree that the sun is annoying?” was asked in 514 
the questionnaire. Five answers were provided: “strongly agree”, “agree,” “neutral”, 515 
“disagree”, and “strongly disagree”. Fig. 8 shows the percentage of answers for each 516 
category. Nearly 50% of the subjects voted that the sun was not annoying when radiation 517 
was low. However, unpleasant feelings regarding sun radiation were strongly expressed 518 
when the radiation was medium or high.  519 
 520 
Both the sudden increase of thermal sensation votes shown in Fig. 7 (a) and the change of 521 
subjects’ opinions shown in Fig. 8 with increasing radiation levels illustrate that subjects 522 
were highly sensitive to the changes in the solar radiation level. People preferred a low 523 
radiation level and disliked even medium-level radiation. However, the trend lines of the 524 
low and mid radiation groups in the UCB-simulated thermal sensation results almost 525 
coincided. The leap in thermal sensation level when solar radiation changed from low to 526 
medium did not happen in the simulated result. The UCB model tended to give higher TSV 527 
results than the field-surveyed data in the low radiation group. Although the UCB model 528 
used an extended nine-point thermal sensation scale to ensure accurate expression of 529 
thermal sensation in extreme hot and cold environments, thermal sensation in a mild 530 
thermal environment should not be affected. However, the TSV from the UCB model was 531 
concentrated at the warm side, whereas the field-surveyed data was clustered on the cool 532 
side, in the operative temperature range of 20 °C to 25 °C. In the range of 30 °C to 35 °C 533 
of the low-radiation group, the UCB-simulated TSV was concentrated at “+1 slightly warm” 534 
and “+3 hot”, whereas the field-surveyed TSV corresponding to those temperatures ranged 535 
from “-1 slightly cool” to “+1 slightly warm”. The phenomenon observed in the survey 536 
was not reflected in the simulation data. According to the UCB model validation and the 537 
indoor survey results from Zhou et al. [33], the discrepancy was only about 0.5 TSV scale 538 



unit. The UCB model seems to have larger discrepancy when predicting outdoor thermal 539 
sensation than indoor thermal sensation, especially under low-radiation conditions.  540 
 541 
It is difficult to compare the UCB-simulated result and the on-site surveyed result when 542 
the operative temperature is high, owing to the application of different thermal sensation 543 
scales. However, both the surveyed points and the simulated points show that the TSV data 544 
for medium and high radiation coincide. There is no leap between the mid and high 545 
radiation groups.  546 

3.5. Thermal sensation sensitivity to wind speed and mean radiation temperature 547 

  

  

Fig. 9 Thermal sensation sensitivity to wind speed (a: on-site data, b: UCB-simulated 548 
data) and mean radiation temperature (c: on-site data, d: UCB-simulated data) 549 

This part of the study aims to discover thermal sensation sensitivity to wind and mean 550 
radiant temperature in different ranges of operative temperature. The whole dataset was 551 
separated into five groups of operative temperature, which spanned 5 °C each. Within each 552 
operative temperature group, the data were organized according to the level of thermal 553 
sensation. By changing each thermal sensation level, the change in mean radiant 554 
temperature or wind speed can be obtained. If the change in the observed parameter was 555 
large when the thermal sensation level changed one degree, the subjects were not sensitive 556 
to the observed parameter in the given range. On the contrary, if a slight change in the 557 
observed parameter can lead to a one-degree change in thermal sensation, the subjects were 558 
highly sensitive to the observed parameter.  559 
 560 

(a) (b) 

(c)
 

(d) 



When Fig. 9 (a) and (b) are compared, it is noticeable that the average change of wind 561 
speed causing a one-degree change of thermal sensation was much smaller than that of the 562 
UCB simulated result in each operative temperature range. As the UCB model was 563 
developed based on the experimental data obtained in the indoor chamber, the comparison 564 
result illustrates that subjects in the outdoor environment were more sensitive to the change 565 
of wind speed in the outdoors compared to the indoors. However, both two figures (Fig. 9 566 
(a, b)) show much smaller scale in the change of wind speed when the operative 567 
temperature was higher than 40 ° C. Thus, subjects became more sensitive to wind 568 
environment when the extreme hot condition happened in an outdoor environment. This 569 
finding is an explicit illustration that the city planners in the tropical and subtropical area 570 
should pay more attention to the wind environment in the neighborhood during the design 571 
stage. The building structures that improve air movement around building blocks, e.g. the 572 
elevated building block design in the campus of Hong Kong Polytechnic University, should 573 
be advocated.  574 
 575 
Both the on-site data (Fig. 9 (c)) and the simulated data (Fig. 9 (d)) show that when the 576 
operative temperature was in the range of 26 °C to 30 °C, which was around the neutral 577 
state operative temperature (27 °C) in the outdoor environment, the subjects were less 578 
sensitive to solar radiation. The allowable change in mean radiant temperature in this range 579 
was much higher than that in any other operative temperature ranges. As shown in the on-580 
site data (Fig. 9 (c)), a mean radiation temperature change of less than 2 °C can lead to a 581 
one-degree change in thermal sensation, except in the range 26 °C to 30 °C. This value was 582 
smaller than that of the simulated result. Hence, people in outdoor environments might be 583 
more sensitive to the changes in solar radiation than predicted in the UCB model. 584 
 585 
The sensitivity comparison of the UCB-simulated result and the on-site surveyed result 586 
further illustrates that people were more sensitive to changes in wind speed and solar 587 
radiation in outdoor environments than in indoor environments. The sensitivity to 588 
meteorological parameters varied under different operative temperature ranges. It cannot 589 
be generalized to one specific number. A reasonable inference is that the sensitivity of 590 
different body parts to these parameters might be changed with the range of operative 591 
temperature. The dominating body parts when defining overall thermal sensation might be 592 
varied as well. Therefore, based on the outline of the UCB model, for higher accuracy in 593 
predicting outdoor thermal comfort, further experiments in detecting skin and core 594 
temperatures and relating these physiological parameters to outdoor thermal sensations 595 
should be performed. 596 

4. Conclusions 597 

This study compared the surveyed thermal sensation data and the simulated data using the 598 
UCB model and verified its usage in outdoor environments from a sensitivity point of view. 599 
Two fast-changing meteorological parameters – wind speed and solar radiation – were 600 
discussed in this study.  601 
 602 
The UCB model did not respond well to the changes in wind speed. The on-site data show 603 
that increasing wind speed from breeze group to mild wind group could create a 604 



considerable cooling effect when the operative temperature was lower than 34°C. However, 605 
the UCB-simulated results showed no thermal sensation difference between two wind 606 
speed groups. Subjects’ thermal sensation in an actual outdoor environment was more 607 
sensitive to wind environment than predicted in the model.  608 
 609 
Subjects better tolerated high air temperatures outdoors when the solar radiation was low. 610 
They preferred low radiation and disliked medium or high radiation. The mid and high 611 
radiation groups made a leap in TSV compared with the low radiation group in the on-site 612 
data, but this was not observed in the UCB-simulated data. The UCB model may over-613 
predicted the TSV of the low radiation group. The sensitivity of these two parameters was 614 
examined under different operative temperature ranges. Subjects’ sensitivity to wind speed 615 
and solar radiation did not remain the same at all operative temperature ranges. They were 616 
more sensitive to changes in wind speed when the environment got hotter.  617 
 618 
Their sensitivity to mean radiant temperature remained more or less the same, except for 619 
the condition that subjects stayed in neutral thermal status. The UCB-simulated data 620 
showed a similar pattern. However, for a one-degree change in TSV, the UCB data allowed 621 
less change in wind speed and solar radiation than the on-site data, which implies that the 622 
UCB model was less sensitive to these two parameters than the actual outdoor survey 623 
results showed.  624 
 625 
To better reveal the relation between outdoor transient and asymmetric thermal 626 
environment and thermal sensation feelings and for the purpose of better application of the 627 
multi-nodal thermal regulation model in the outdoors, additional direct measurement of 628 
subject physiological parameters such as core and skin temperatures in outdoor 629 
environments may be helpful. 630 
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