
Exploration of applicability of UTCI and thermally comfortable sun and wind conditions 1 

outdoors in a subtropical city of Hong Kong 2 

Abstract 3 

This study conducted simultaneous physical measurements and questionnaire surveys to study the 4 

outdoor thermal comfort in the subtropical, high-density Hong Kong. With an innovative analysis 5 

method, the study reveals that mean radiant temperature (Tmrt), sun and wind desirability, and wind 6 

speed (v) were the top three factors influencing the surveyed thermal sensation vote (TSV), which 7 

was not well estimated by the Universal Thermal Climate Index (UTCI); and that UTCI 8 

underestimated the effects of v and Tmrt at higher air temperatures (Ta) but overestimated the 9 

impacts of Ta and relative humidity on TSV of subjects in Hong Kong. Accordingly, a combined 10 

sun and wind condition index (SWI) was defined to explore the combined effects of Tmrt and v on 11 

thermal comfort. Within the meteorological parameter ranges of 12.0≤Tmrt≤64.0℃, 0<v≤4.0m/s, 12 

and 12.0≤Ta≤36.0℃, over 50% of the subjects voted comfortable within the SWI range of -0.1-13 

0.2; and the SWI range of -0.3-(-0.1) and that of 0.1-0.2 were more comfortable at Ta>26.0℃ and 14 

Ta≤26.0℃, respectively. A v-Tmrt diagram was thus constructed to indicate the comfort zones of 15 

sun and wind combinations, which can be used to estimate the comfort levels of outdoor space in 16 

the design stage.  17 
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Thermally comfortable combinations of sun and wind conditions at Ta ranging from 12.0℃ to 23 

36.0℃: a) coordinate graph of v and Tmrt; b) v-Tmrt diagram and comfort zone 24 
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Nomenclature 27 

PET   Physiological Equivalent Temperature 28 

UTCI   Universal Thermal Climate Index 29 

OUT_SET*   Standard Effective Temperature for Outdoor 30 

SVF   Sky View Factor  31 

UEB   Underneath-elevated-building 32 

Ta   Air temperature, ℃ 33 

Tg   Globe temperature, ℃ 34 

v   Wind speed 35 

v10   Wind speed at 10 m 36 

RH   Relative humidity, % 37 

Qs   Short-wave irradiance, W/m2   38 

Ql   Long-wave irradiance, W/m2   39 

Tmrt   Mean radiant temperature, ℃ 40 

αk   Absorption coefficients of the clothed human body in short-wave radiation 41 



εp   Emissivity of the clothed human body in long-wave radiation 42 

σ   Stefan-Boltzmann constant   43 

Wi    Angle factor between human and the ambient 44 

Iclo   Clothing insulation 45 

M   Metabolic rate, Met 46 

TSV   Thermal Sensation Vote 47 

TCV   Thermal Comfort Vote 48 

DS   Sun desirability 49 

DW  Wind desirability 50 

DS/W  Sun and wind desirability (ratio of DS and DW )  51 

SWI Combined Sun and Wind Conditions Index  52 

Tmrt’ Standardized Tmrt 53 

v’ Standardized v 54 

MTSV   Mean Thermal Sensation Vote 55 

MTSV’ Standardized MTSV  56 

UTCI’ Standardized UTCI 57 

VIF Variance Inflation Factor 58 

R2 Coefficient of Determination 59 



1. Introduction 60 

According to the fifth assessment report proposed by the Intergovernmental Panel on Climate 61 

Change (IPCC) in 2014, the future climate change would be resulted from the increasing emission 62 

of carbon dioxide caused by anthropogenic activities [1]. The global warming included in the 63 

climate change process will bring heat wave and increase the annual mean air temperature [2], 64 

which in turn affects the outdoor thermal environment perceived by a person [3].  Under the 65 

context of global warming, the effects of  urban heat island particularly during hot days can further 66 

jeopardizes the outdoor thermal comfort [4, 5]. This situation prevents citizens from enjoying 67 

outdoor activities and brings economic and social problems to the sustainable urban development 68 

[6]. Therefore, appropriate environmental design in urban areas by evaluating the outdoor thermal 69 

conditions is essential for relieving the adverse effects of climate change and urban heat island, 70 

and ensuring the quality of outdoor thermal environment for the sustainable urban development 71 

[7].  72 

Over the years, most of outdoor thermal comfort studies have been focused on outdoor thermal 73 

comfort evaluation using the thermo-physiological indices, such as the physiological equivalent 74 

temperature (PET) [8], universal thermal climate index (UTCI) [9], or the standard new effective 75 

temperature (SET*) [10]. Among these indices, UTCI is the latest and more sophisticated thermal 76 

index developed using the multi-node and multi-segment Fiala thermo-physiological model [11] 77 

and has been applied in many climate regions [12]. The applicability of UTCI was usually 78 

validated using linear regression analysis between surveyed thermal sensations and UTCI values 79 

[13-16]. A significant deviation of surveyed thermal sensations corresponded to one UTCI value 80 

has been found during validations and explored to be resulted from various urban morphology 81 

cues [17], anthropometric variables [18], and psychological factors such as thermal adaptation in 82 



different seasons [14] and individual sun and wind desirability [19]. These factors were found 83 

influencing subjective thermal sensations but have not been considered by UTCI [20, 21], which 84 

reflects some limitations of UTCI in accurately predicting outdoor thermal sensations.  85 

Besides the evaluation of outdoor thermal conditions with indices, many studies have furtherly 86 

explored approaches to improve outdoor thermal conditions in urban areas [22, 23]. According to 87 

previous studies, sun and wind conditions were found as the important factors influencing the 88 

thermal sensation outdoors [24-26], and the modifications of sun or wind conditions by building 89 

morphology and green infrastructure are thought as effective approaches to improve outdoor 90 

thermal comfort [27-31]. Sun conditions can be modified by shades and the higher shades level in 91 

summer can increase the more thermal comfort [3, 32, 33]. Wind conditions can be modified by 92 

suitable designs of buildings, spaces and roads [34, 35] and the amplified wind speed is efficient 93 

to increase thermal comfort in urban areas on hot days [36-38]. According to Edward et al., wind 94 

speed of larger than 1.5m/s at pedestrian level was required to achieve outdoor thermal comfort in 95 

Hong Kong [39].   96 

The constrains of existing studies are as follows: 97 

Firstly, none existing studies have explored the applicability or limitations of UTCI by comparing 98 

the sensitivity of UTCI and that of subjective thermal sensation to the meteorological and personal 99 

parameters. Additionally, the understanding of the deviation between the outdoor thermal effects 100 

evaluated by UTCI and those directly perceived by thermal sensation is essential for the further 101 

improvement of the UTCI. However, the knowledge of such deviation and the information of what 102 

aspects of UTCI can be improved for better evaluation of outdoor thermal comfort are limited, 103 

especially in subtropical climate regions like Hong Kong.  104 



Secondly, although previous studies have indicated that suitable urban design can modify sun or 105 

wind conditions for thermal comfort, single modification of sun or wind conditions and 106 

inappropriate modifications may not effectively satisfy comfort requirements of citizens. The 107 

appropriate combinations of sun and wind conditions, which are not intuitively reflected by 108 

thermal indices like UTCI, are more efficient and immediate to create comfortable outdoor space. 109 

These combinations are instructive for the sustainable urban design and friendly for citizens to 110 

experience outdoor environments. However, the assessments of the outdoor thermal comfort in the 111 

respective of combined sun and wind conditions have been seldom conducted, leading to a limited 112 

knowledge of thermally comfortable combination of sun and wind conditions.  113 

Therefore, the objectives of this study in corresponding to the above raised challenges are: 114 

1) To compare the influences of meteorological and personal factors estimated by UTCI and those 115 

evaluated by thermal sensations of people in Hong Kong,  116 

2) To explore the aspects of UTCI to be improved for better thermal sensation predictions, 117 

3) To evaluate outdoor thermal comfort in Hong Kong in respective of the combined sun and wind 118 

conditions with a new proposed index, and. 119 

4) To explore how to properly combine the sun and wind conditions to achieve thermal comfort in 120 

the urban-design stage under global warming conditions.  121 

2. Methodology 122 

2.1 Field survey 123 

The field surveys including simultaneous microclimate monitoring and questionnaire survey were 124 

conducted in a university campus in Hong Kong under different weather types of summer, autumn, 125 

and winter during March 2016 to March 2018. The total four typical outdoor sites were selected 126 



throughout the campus based on having various microclimate environments (Fig. 1), including 127 

OPEN area (Site 1) which are exposed to the direct and reflected radiation, semi-OPEN area under 128 

various large trees (Site 2) or translucent glass awnings (Site 3), and the UEB area (Site 4) which 129 

is the podiums beneath elevated teaching buildings. The field surveys in the OPEN and UEB areas 130 

were respectively conducted on 29 and 27 days of given months during March 2016 to March 131 

2018, and those in the semi-OPEN areas were conducted on 7 days during November 2017 to 132 

March 2018. For the field survey at each site, subjects were asked to experience microclimate 133 

environments for 15 min and then fill in the questionnaire. Simultaneously, the microclimate 134 

parameters of this site were monitored. Around six sets of a filed survey were conducted in 135 

different sites during 13:00-15:00 pm on a typical day of a given month.  136 

 137 

Fig. 1 Selected outdoor places for the field survey 138 

2.1.1 Microclimate monitoring  139 

The major microclimate parameters including air temperature (Ta, ℃), relative humidity (RH, %), 140 

wind speed (v, m/s), short-wave and long-wave radiation (Qs and Ql, W/m2) were measured by 141 



mini weather station shown as in Fig. 2. The net radiometers (CNR4, KIPP&ZONEN) on the 142 

station were used to capture short-wave and long-wave radiations from six directions (north-south, 143 

east-west, and up-down). A most advanced omnidirectional ultrasonic anemometer (81000, R.M. 144 

YOUNG) was used to measure the wind speed and wind direction. Ta and RH were measured by 145 

R.M.YOUNG 41382. Values of all meteorological parameters were recorded by instruments every 146 

10 seconds during the field tests. The specifications of measurements instruments are listed in the 147 

Table. 1 [40]. The mini weather station was set at 1.5 m above the floor to measure the 148 

microclimate parameters at the pedestrian level.  149 

 150 

Fig. 2 Mini weather station with instruments for measuring meteorological parameters 151 

Table 1 Specifications of measurement instruments 152 

Instrument Meteorological parameter Measuring Range Accuracy 

R.M.YOUNG 41382 Air temperature (Ta ) -50-50 (℃) ±0.3℃ 



Relative humidity (RH) 0-100 (%) ±1% 

R.M.YOUNG 81000 Wind speed (v) 0-40 (m/s) ±0.05m/s 

TJHY HQZY-1 Globe temperature (Tg) -40-60 (℃) ±0.3℃ 

Kipp & Zonen CNR-4 

Long-wave irradiance (Ql) -250-250 (W) <10% 

Short-wave irradiance (Qs) 0-2000 (W) <5% 

 153 

2.1.2 Questionnaire survey 154 

The questionnaire concerned about the personal information and subjective thermal perceptions 155 

responding to microclimate environments and 1638 questionnaire samples were collected in this 156 

study. The collected questionnaire samples in four sites were 564 (Site 1), 184 (Site 2), 184 (Site 157 

3) and 706 (Site 4), respectively. Subjective thermal perceptions is consisting of thermal sensation 158 

vote (TSV) scaled by ASHARE 7-point [41], the desirability of changing or maintaining wind or 159 

sun conditions scaled by 3-point and thermal comfort vote (TCV) scaled by 5-point. Personal 160 

information includes the age, gender, clothing status, and activity level. Subjects in this study were 161 

all Chinese adults recruited from the university with the average age of 28. They were told to wear 162 

suitable clothes according to the air temperature on the survey day and conducted mild activities 163 

(sitting, standing, and strolling) as they want during the tests. Clothing status and activity level can 164 

be quantitatively transferred to the clothing insulation (Iclo) and metabolic rate (M) based on 165 

ASHRAE standard 55 [41] and ISO standard 7730 [42]. The collected average clothing insulation 166 

is 0.53clo with the standard deviation of 0.25clo, and the collected average metabolic rate is 1.18M 167 

with the standard deviation of 0.19M. The questions related to the thermal perceptions discussed 168 

in this study were designed in English and Chinese versions and shown in the Fig. 3.   169 



1. What do you want to change for sunlight 

Less  

sunlight (1） 

No change 

needed (2) 

More  

sunlight (3) 

2. What do you want to change for wind? 

Less  

wind (1) 

No change 

needed (2) 

More  

wind (3) 

3. Dressed as you are at the moment, please tick the scale to show how you currently feel. 

 

 

4.  How would you describe the whole thermal environment? 

Very  

uncomfortable (-2) 

Uncomfortable 

(-1) 

Neutral 

(0) 

Comfortable 

 (1) 

Very comfortable 

(2) 

a) 170 

1. 你对目前室外的日照有何要求? 

更少日照 (1） 日照无需改变(2) 更多日照(3) 

2. 你对目前室外的风环境该有何要求? 

更弱的风(1) 风无需改变(2) 更强的风(3) 

3. 在当前著裝下，在尺规上标记你的热感觉 

 



4.  你将会如何描述总体的热环境? 

非常不舒适(-2) 不舒适 (-1) 中性(0) 舒适(1) 非常舒适(2) 

b) 171 

Fig. 3 Questions concerning subjects’ thermal perceptions: a) English version; b) Chinese version 172 

In question 1, “sunlight (日照)” represents sun conditions covering light and heat effects of the 173 

sun and “wind (风)” in the question 2 represents wind conditions which reflect convective cooling 174 

effects of the wind speed.  Answers to questions 1 and 2 are denoted as subjects’ sun desirability 175 

(DS) and wind desirability (DW) respectively. Less sunlight desired (DS=1), no changes in sunlight 176 

desired (DS=2) and more sunlight desired (DS=3) are answers for question 1. Less wind desired 177 

(DW=1), no changes in wind desired (DW=2) and more wind desired (DW=3) are answers for 178 

question 2. Answers to questions 3 and 4 are the thermal sensation vote (TSV) and overall thermal 179 

comfort vote (TCV), respectively.  180 

2.2 Data analysis  181 

2.2.1 Thermal comfort assessing index  182 

Universal Thermal Climate Index (UTCI) was applied in this study to evaluate outdoor thermal 183 

comfort in the subtropical Hong Kong. It is defined as the isothermal air temperature of the 184 

reference environment that would produce the same dynamic response (strain) of the physiological 185 

model as that produced under actual environment. Such reference environment is characterized 186 

with the relative humidity of 50%, calm air and radiant temperature equaling to air temperature 187 

[12]. The advanced clothing model predicting the clothing insulation based on the air temperature 188 

is coupled with the “Fiala” model of UTCI [43]. Additionally, the metabolic rate of the multi-node 189 

model of UTCI is assumed to be a constant value of 2.3 Met which is similar to that of people who 190 



walk outdoors [9]. Given all of these, UTCI is the function of only four meteorological parameters 191 

including Ta, RH, v10, and Tmrt, which can be expressed as the Eq. (1) and calculated by RaymanPro 192 

software package. 193 

UTCI = f(𝑇𝑎; 𝑇𝑚𝑟𝑡; 𝑣10; 𝑅𝐻) = 𝑇𝑎 + 𝑂𝑓𝑓𝑠𝑒𝑡(𝑇𝑎; 𝑇𝑚𝑟𝑡; 𝑣10; 𝑅𝐻)                                               (1) 194 

To calculate the UTCI, mean radiant temperature (Tmrt) which reflects the radiant heat transfer in 195 

a human body is required [41]. It can be calculated using the six-directional radiations collected 196 

from field surveys (Eq. 2), which is verified as the most accurate method to obtain the Tmrt in the 197 

microclimate environments [44].  198 

𝑇𝑚𝑟𝑡 = √∑
𝑊𝑖(𝛼𝑘𝑄𝑠+𝜀𝑝𝑄𝑙)

𝜀𝑝𝜎
6
𝑖=1 − 273.1

4
                                                                                          (2) 199 

The explanation of this equation can be referred to a previous study conducted by Xie et al. [24].  200 

Wind speed at 10m above ground (v10) is another required input for the calculation of UTCI. Since 201 

the wind speed (v) in this study is measured at a pedestrian level of 1.5m above ground, v needs to 202 

be converted to v10 using Eq. 3 [9].  203 

𝑣10 = 𝑣 ×
log⁡(

10

0.01
)

log⁡(
𝑥

0.01
)
                                                                                                                        (3) 204 

where x is the height of the mini weather station, and 1.5 m was adopted for x in this study. 205 

2.2.2 Sun and wind desirability (DS/W) 206 

As introduced in Section 2.1.2, there are three votes for the sun desirability (DS): DS=1, DS=2, and 207 

DS=3, and three votes for the wind desirability (DW): DW=1, DW=2, and DW=3. To simultaneously 208 

reflect the desire of subjects to change or maintain the sun and wind conditions, the ratio of DS and 209 

DW votes (DS/W) was determined for each questionnaire. The values and the corresponding 210 



explanations of the ordered categorical variable DS/W are listed in Table 2.  In Table 2, DS/W ≤0.7 211 

demonstrates subjects’ desire for either more wind speed and/or less sunlight, and DS/W ≥1.5 212 

indicates subjects’ desire for either more sunlight and/or less wind speed. DS/W=1.0 only reflects 213 

subjects’ desire for no changes in wind and sun conditions (DS=2, DW=2) due to no simultaneously 214 

observed desires for less wind (DS=1) and less sunlight (DW=1) or more wind (DW=3) and more 215 

sunlight (DS=3).  216 

Table. 2 Value of DS/W and the corresponding explanation  217 

DS/W Explanation 

0.3 Desire for less sunlight (DS=1) and more wind (DW=3)  

0.5 Desire for less sunlight (DS=1) and no change of wind (DW=2) 

0.7 Desire for no change in sunlight (DS=2) and more wind (DW=3) 

1.0 Desire for no change in sunlight (DS=2) and wind (DW=2) 

1.5 Desire for more sunlight (DS=3) and no change in wind (DW=2) 

2.0 Desire for no change in sunlight (DS=2) and less wind (DW=1) 

3.0 Desire for more sunlight (DS=3) and less wind (DW=1) 

  218 

The DS/W reflecting subjects’ desirability of sun and wind conditions is not only resulted from the 219 

physical effects of sun and wind conditions but also the individual preference and purpose. For 220 

example, people who prefer sunlight will desire more sunlight outdoors than those who hate the 221 

sunlight. Such desirability might in turn influence subjects’ thermal perceptions outdoors, for 222 

example, people who desire more sunlight feel cooler than those who desire less sunlight 223 

responding to the same sun conditions [19]. Therefore, in this study, DS/W is regarded as an essential 224 



personal factor in assessments of outdoor thermal comfort and indicator for exploring the 225 

combined sun and wind conditions for thermal comfort.  226 

2.2.3 Multiple linear regression analysis 227 

The effects of meteorological parameters (Ta, RH, v, and Tmrt) and personal parameters (Iclo, M, and 228 

DS/W) on surveyed thermal sensations and those estimated by UTCI, were compared using the 229 

multiple linear regression analysis [45]. The multiple linear regression analysis was conducted by 230 

relating these parameters to surveyed thermal sensations and UTCI in the software SPSS 24.0. The 231 

stepwise regression method [45] was adopted to avoid the collinearity of parameters and select the 232 

significant parameters determining the subjective TSV and UTCI.  233 

The absolute values of standardized coefficients [46] of parameters obtained from the regression 234 

analysis were used to rank the importance of parameters influencing subjective TSV or estimated 235 

by UTCI. The parameter weight analysis was derived from the index weight analysis [47] which 236 

analyzes the weight of different indices in multi-criteria synthetically assessment of a system. In 237 

other words, index weight analysis is to determine the relative influences of different indices in 238 

the synthetical assessment. Similar as one of the calculations of the index weight [48], the 239 

parameter weight was calculated by dividing the absolute value of a parameter’s standard 240 

coefficient by sum of absolute values of all parameters’ standard coefficients. Accordingly, 241 

parameter weight is to reveal the relative influences of different parameters in subjective TSV and 242 

those estimated by UTCI.  243 

2.2.4 Data standardization 244 

In this study, two data standardization methods were adopted for the data analysis [49]. One is the 245 

Z-core standardization method expressed by Eq. (4) and is used for comparing variations of the 246 

UTCI and the surveyed TSV with changes in meteorological and personal parameters. This 247 



standardization method adjusts data with different units or measured on different scales to 248 

dimensionless data with the same zero-mean and unit-variance. Due to the standardization, the 249 

variations of the UTCI and those of the surveyed TSV with changing parameters can be compared. 250 

This method is also the default method in the multiple linear regression analysis to standardize 251 

UTCI and surveyed TSV mentioned in 2.2.3.  252 

X′ =
𝑋−𝜇

𝜎
                                                                                                                                (4) 253 

where X’ is the standardized value of X; 𝜇 is the mean value of X in a dataset and 𝜎 is the standard 254 

deviation of X in a dataset. 255 

The other one is the 0-1 scaling standardization method expressed as Eq. (5). It is used for 256 

combining the wind speed (v) and the mean radiant temperature (Tmrt) to reflect the combined sun 257 

and wind conditions. This standardization method transfers data with different units or measured 258 

on different scales to data ranging from 0 to 1. This method can not only combine the variables 259 

such as v and Tmrt using the mathematical method but also reflect the relative strength of v and Tmrt.  260 

X′ =
𝑋−𝑋𝑚𝑖𝑛

𝑋𝑚𝑎𝑥−𝑋𝑚𝑖𝑛
                                                                                                              (5) 261 

where X’ is the standardized value of X; 𝑋𝑚𝑖𝑛 is the minimum value of X in a dataset and 𝑋𝑚𝑎𝑥 is 262 

the maximum value of X in a dataset. 263 

3 Results and Discussion 264 

3.1 Meteorological conditions 265 

Table 3 summarizes the microclimate conditions collected in four sites during the field survey 266 

days. It can be seen that the average Ta and Ta range are similar in Site 1 (OPEN area) and Site 4 267 



(UEB area), while Site 1 has a higher average Tmrt and a larger Tmrt range than the Site 4 does. 268 

Additionally, lower and more stable wind speeds are observed in Site 1 than those in Site 4.  269 

On average, the Ta in Site 2 (area under tree shades) and Site 3 (area under glass awnings) are 27.5℃ 270 

and 21.2℃, respectively.  Lower average Tmrt and larger average v are investigated in Site 3 than 271 

those in Site 2. It is perhaps due to different field survey days conducted in Sites 2 and 3, or Site 3 272 

with a basin type is characterized by low Tmrt and high v. Wide ranges of meteorological parameters 273 

reflecting the climate features of Hong Kong were collected in this study with Ta from 11.9℃ to 274 

36.2℃, Tmrt from 12.0℃ to 64.0℃, v from 0.3m/s to 3.8m/s, and RH from 35% to 93%.  275 

Table. 3 Microclimate conditions collected in this study  276 

 277 

 278 

3.2 Variations of UTCI and surveyed TSV with changes in meteorological parameters 279 

As introduced in section 2.1, microclimate monitoring and questionnaire survey were conducted 280 

simultaneously. The surveyed TSVs were firstly grouped by three air temperature ranges: 281 

Sites 

Time 

period 

No. of 

days 

Air temperature (Ta, ℃) 

Mean radiant temperature 

(Tmrt, ℃) 

Wind speed (v, m/s) Relative humidity (RH, %) 

Min Max Mean Sd. Min Max Mean Sd. Min Max Mean Sd. Min Max Mean Sd. 

Site 1  

(OPEN) 

30/3/2016- 

9/3/2018 

29 12.1 36.2 26.5 5.4 14.1 64.0 40.0 12.9 0.4 2.2 1.0 0.4 35.0 92.8 59.5 13.5 

Site 2  

(Tree shade) 

10/11/2017-

9/3/2018 

7 24.5 29.1 27.5 0.9 27.9 54.9 34.2 5.7 0.3 2.3 1.1 0.5 35.4 72.7 48.5 16.0 

Site 3  

(Glass 

awnings) 

3/11/2017-

2/3/ 2018 

7 17.7 29.2 21.2 3.7 21.0 49.1 29.0 7.2 0.3 3.8 1.1 0.8 41.8 73.6 57.7 10.7 

Site 4 

(UEB) 

30/3/2016-

9/3/2018 

27 11.9 34.0 27.0 4.6 12.1 39.5 28.3 5.8 0.3 3.3 1.6 0.9 39.7 92.0 66.8 12.7 

 



Ta≤20.0℃, 20.0℃<Ta≤30.0℃, and Ta >30.0℃. For each air temperature range, surveyed TSVs 282 

were grouped into five mean radiant temperature (Tmrt) ranges: 10.0<Tmrt≤20.0℃, 283 

20.0<Tmrt≤30.0℃, 30.0<Tmrt≤40.0℃, 40.0<Tmrt≤50.0℃ and 50.0<Tmrt≤60.0℃. Last, in any one 284 

Tmrt range, the surveyed TSVs were averaged for each wind speed range: 0.0<v≤0.5m/s, 285 

0.5<v≤1.0m/s, 1.0<v≤1.5m/s, 1.5<v≤2.0m/s, 2.0<v≤2.5m/s, 2.5<v≤3.0m/s, and v>3.0m/s. In each 286 

combination of Ta, Tmrt, and v ranges, the corresponding recorded meteorological parameters were 287 

averaged to calculate the average UTCI value. The average UTCI values and average surveyed 288 

TSVs (MTSVs) were then standardized using the Z-score method. The standardized average UTCI 289 

(UTCI’) and the standardized MTSV (MTSV’) at varying of Tmrt, v, and Ta were thus compared 290 

with each other in Fig. 4. 291 

Fig. 4a shows the variations of the UTCI’ and MTSV’ versus Tmrt and v at Ta ≤20.0℃. The 292 

discrepancy between the UTCI’ and MTSV’ at varying of Tmrt and v is significant. The trends of 293 

the UTCI’ and MTSV’ reveal that UTCI’ is more sensitive to Tmrt than the MTSV’ be at similar 294 

wind speed ranges. Fig. 4b depicts the variations of UTCI’ and MTSV’ with changes in v and Tmrt 295 

at 20.0℃<Ta≤30.0℃. The discrepancy between the UTCI’ and MTSV’ at varying of v and Tmrt is 296 

smaller than that observed at Ta <20.0℃. Even so, the UTCI’ seems to be more sensitive to v than 297 

the MTSV’ be at Tmrt of lower than 40.0℃.  298 

Fig. 4c displays the variations of the UTCI’ and MTSV’ against v and Tmrt under Ta >30.0℃. It can 299 

be seen that the UTCI’ increases slowly at first and then rapidly with increasing Tmrt, which is 300 

opposite to the variation of the MTSV’. At high Ta, MTSV’ seems to be more sensitive to the Tmrt 301 

than the UTCI’ be as Tmrt is lower than 50.0℃. Additionally, at Tmrt of lower than 40.0℃, the 302 

MTSV’ shows more sensitivity to v than the UTCI’ does. In summary, the UTCI’ and MTSV’ 303 

exhibit different variations with changes in Ta, Tmrt, and v. It is assumed that the effects of Ta, Tmrt, 304 



and v estimated by UTCI are deviated from those evaluated by subjective TSV. However, this 305 

assumption needs to be furtherly validated by statistical analysis because the UTCI and subjective 306 

TSV are not only determined by Tmrt, v, and Ta.  307 

 308 

                                                (a) 309 



 310 

                                                  (b) 311 



 312 

                                                      (c) 313 

Fig. 4. Variations of the UTCI’ and MTSV’ against Tmrt and v at different Ta ranges: a) Ta ≤20.0℃; 314 

b) 20.0℃<Ta≤30.0℃; c) Ta >30.0℃ 315 

3.3 Effects of factors evaluated by surveyed TSV and those estimated by UTCI  316 

The effects of meteorological parameters (Ta, Tmrt, v, and RH) and personal parameters (Iclo, M, 317 

and DS/W) evaluated by TSV and those estimated by UTCI, were compared in this section using 318 

the multiple linear regression analysis. The values of parameters were averaged for each 15 min 319 

field test, and the averaged meteorological parameters were used to calculate the UTCI. The 320 

surveyed TSVs after each 15 min and the calculated UTCI thus corresponded to the same averaged 321 

values of parameters. These parameters were then correlated with the UTCI and surveyed TSVs, 322 



respectively, and Table 4 shows the stepwise regression results at Ta≤20.0℃. The parameters in 323 

Table 4 are all significant parameters determining subjective TSV and UTCI after stepwise 324 

regression analysis. The variance inflation factor (VIF) values indicate no collinearity among 325 

parameters in Table 4. The standardized coefficient and parameter weight are obtained after the 326 

standardization of UTCI and surveyed TSV in the regression analysis. The larger parameter weight 327 

indicates the more important influence of a parameter in the subjective TSV and that estimated by 328 

UTCI.  329 

From Table. 4, it is noted that the subjective TSV is mainly influenced by Ta, DS/W, v, and Tmrt at 330 

Ta≤20.0℃ and the goodness of fit of the regression model is reflected by R2 of 0.447. R2 of 0.994 331 

shows the strong correlation between UTCI and Ta, Tmrt, v, and RH. According to the standardized 332 

coefficient, DS/W has negative effects on the TSV. It is demonstrated that subjects feel hot as they 333 

desire more wind or/and less sunlight and feel cold as they desire less wind or/and more sun.  Based 334 

on the absolute values of standardized coefficients and parameter weights, Ta is the major factor 335 

influencing the subjective TSV and followed by DS/W, whereas influences of Tmrt estimated by 336 

UTCI are crucial. The results agree with the observations in Fig. 4a that UTCI’ is more sensitive 337 

to the Tmrt than the MTSV’ be at Ta≤20.0℃. In summary, at Ta≤20.0℃, the influences of RH and 338 

Tmrt in subjective TSV are less significant than those estimated by UTCI, and influences of the 339 

DS/W are not considered by UTCI. 340 

Table. 4 Multiple linear regression analysis for the UTCI and surveyed TSV at Ta≤20.0℃  341 

Surveyed 

TSV/UTCI 

Parameters R2 

Standardized 

Coefficients 

Parameter 

weight 

Sig. 

Collinearity 

Statistics 

(VIF) 



Surveyed 

TSV 

(Constant) 

0.447 

  0.000  

Ta  0.380 38.1% 0.000 1.981 

DS/W -0.242 24.3% 0.001 1.417 

v -0.197 19.7% 0.007 1.450 

Tmrt  0.178 17.8% 0.041 2.090 

UTCI 

(Constant)  

 

0.994 

 

 

  0.000  

Tmrt  0.589 36.9% 0.000 2.086 

Ta  0.426 26.7% 0.000 2.047 

v -0.440 27.6% 0.000 1.561 

RH  0.140 8.8% 0.000 1.750 

 342 

Table. 5 shows the stepwise regression results at 20.0℃<Ta≤30.0℃. The subjective TSV is mainly 343 

influenced by DS/W, Ta, Tmrt, v, and Iclo at this Ta range, and the effects of Iclo are less important 344 

based on its standardized coefficient. R2 of the regression models for the surveyed TSV and UTCI 345 

are 0.575 and 0.990, respectively. Indicated by the parameter weights, Tmrt turns to be the major 346 

factor influencing the subjective TSV, whereas effects of Ta estimated by UTCI become crucial. 347 

Similar variations of the MTSV’ and UTCI’ in Fig. 4b might be caused by similar integrated effects 348 

of parameters felt by subjects and those estimated by UTCI, regardless of the individual influences 349 

of these parameters in the subjective TSV and those estimated by UTCI. Even so, subjects are less 350 

sensitive to RH and Ta than the UTCI be at 20.0℃<Ta≤30.0℃, and the influences of DS/W are not 351 

considered by UTCI as well.  352 

Table. 5 Multiple linear regression analysis for the UTCI and surveyed TSV at 20.0℃<Ta≤30.0℃  353 



UTCI/ 

Surveyed 

TSV 

Parameters R2 

Standardized 

Coefficients 

Parameter 

weight 

Sig. 

Collinearity 

Statistics (VIF) 

Surveyed 

TSV 

(Constant) 

0.575 

  0.000  

Tmrt  0.502 50.6% 0.000 1.895 

DS/W -0.227 22.8% 0.000 1.635 

v -0.132 13.3% 0.000 1.205 

Ta  0.082 8.3% 0.005 2.290 

Iclo  0.049 5.0% 0.031 1.382 

UTCI 

(Constant) 

 

0.990 

 

  0.000  

Ta  0.548 38.9% 0.000 1.709 

Tmrt  0.453 32.3% 0.000 1.934 

v -0.225 16.2% 0.000 1.170 

RH  0.176 12.7% 0.000 1.160 

 354 

Table. 6 shows the stepwise regression results at Ta>30.0℃. R2 of the regression models for the 355 

surveyed TSV and UTCI are 0.495 and 0.956, respectively. It is interesting to note that effects of 356 

RH estimated by UTCI have become predominant at high Ta. However, RH has not been verified 357 

to influence the subjective TSV based on the regression results. At Ta>30.0℃, the influences of 358 

Tmrt and v in the subjective TSV are more significant than those estimated by UTCI based on the 359 

parameter weights. Therefore, with the same changes in Tmrt or v, larger variation of the TSV than 360 

that of the UTCI can be observed in Fig. 4c.  361 

Table. 6 Multiple linear regression analysis for the UTCI and surveyed TSV at Ta>30.0℃  362 



UTCI/ 

Surveyed 

TSV 

Parameters R2 

Standardized 

Coefficients 

Parameter 

weight 

Sig. 

Collinearity 

Statistics (VIF) 

Surveyed 

TSV 

(Constant) 

 

0.495 

 

  0.001  

Tmrt  0.488 53.7% 0.000 1.715 

DS/DW -0.163 17.9% 0.001 1.516 

v -0.146 16.1% 0.001 1.246 

M  0.112 12.3% 0.005 1.036 

UTCI 

(Constant)  

 

0.956 

 

 

  0.000  

RH  0.551  30.9% 0.000 1.619 

Tmrt 0.544 30.6% 0.000 2.776 

Ta  0.530 29.7% 0.000 3.216 

v -0.155 8.8% 0.000 1.337 

 363 

Indicated by R2 values in Tables 4-6, the relationship between the parameters and the surveyed 364 

TSV is weaker than that between the parameters and the UTCI. It can be interpreted that unlike 365 

UTCI, the subjective TSV might be not only influenced by discussed meteorological and personal 366 

parameters but also by other unexplored parameters. Beyond that, influences of discussed 367 

parameters in subjective TSV are different from those estimated by UTCI. According to the 368 

parameter weights, the influence of Tmrt in the subjective TSV increases with increasing Ta, and 369 

subjects are more sensitive to v under Ta>30.0℃ and Ta≤20.0℃ than under 20.0℃<Ta≤30.0℃. 370 

However, influences of v and Tmrt estimated by UTCI decreases with increasing Ta.  371 



In general, it seems that at higher air temperatures, the influences of v and Tmrt in subjective thermal 372 

sensation are more significant than those estimated by UTCI. Additionally, subjective thermal 373 

sensation are not purely influenced by physical effects of Tmrt and v but also desirability of Tmrt and 374 

v, which is not considered by UTCI. RH is significant for determining the UTCI but found less 375 

effective in changing TSV. The average RH collected in this study is 61.8% with the standard 376 

deviation of 14.3%. It is assumed that subjects’ adaptability to humid climate in Hong Kong has 377 

made them less sensitive to changes in RH.  378 

Table. 7 shows the stepwise regression results in all collected microclimate environments. 379 

Irrespective of the relatively low R2 of the regression model for the surveyed TSV, it is verified 380 

that Tmrt, DS/W, and v are the top three factors influencing the thermal sensation of people 381 

conducting moderate activities in outdoor environments in Hong Kong. However, the Ta, Tmrt, and 382 

v are determining parameters estimated by UTCI. Presumably, it is perhaps due to subjects’ 383 

adaptive clothes-wearing based on air temperature and their short-term and longitude adaptability 384 

to subtropical hot-humid climate in Hong Kong, they are less sensitive to Ta than the UTCI be. 385 

Thus, it can be seen that a suitable combination of sun and wind conditions in Hong Kong might 386 

make people comfortable under a wide air temperature range. 387 

Table. 7 Multiple linear regression analysis for the UTCI and surveyed TSV in all microclimate 388 

environments 389 

UTCI/ 

Surveyed 

TSV 

Parameters 

 

R2 

Standardized 

Coefficients 

Parameter 

weight 

Sig. 

Collinearity 

Statistics (VIF) 

Surveyed (Constant)    0.000  



TSV Tmrt 

0.610 

 0.488 48.7% 0.000 2.090 

DS/DW -0.210 21.0% 0.000 1.656 

v -0.143 14.2% 0.000 1.178 

Ta  0.122 12.1% 0.000 1.980 

 M  0.040 4.00% 0.013 1.030 

UTCI 

(Constant) 

 

 

       

0.945 

  0.000  

Ta  0.670 48.3% 0.000 3.305 

Tmrt  0.377 27.5% 0.000 2.075 

v -0.160 12.2% 0.000 1.081 

RH  0.162 12.2% 0.000 1.111 

 390 

3.4 Exploration of thermally comfortable combinations of sun and wind conditions in Hong 391 

Kong  392 

As discussed above, sun and wind conditions have significant influences in outdoor thermal 393 

sensations, which is not accurately estimated by UTCI. Therefore, the Combined Sun and Wind 394 

Conditions Index (SWI), combining the Tmrt and v using the 0-1 scaling standardization method, 395 

is developed in this study (Eq.6).  The SWI is used to assess the outdoor thermal comfort in 396 

respective of the combined sun and wind conditions, and provide guidance on how to combine sun 397 

and wind conditions for thermal comfort at a wide air temperature range in urban areas. This index 398 

is a supplemental index to assess outdoor thermal comfort in an urban-design-friendly way in Hong 399 

Kong.  400 

SWI = 𝑇𝑚𝑟𝑡
′ − 𝑣′ 401 



 =
𝑇𝑚𝑟𝑡 −Min⁡(𝑇𝑚𝑟𝑡)

𝑀𝑎𝑥(𝑇𝑚𝑟𝑡) − 𝑀𝑖𝑛(𝑇𝑚𝑟𝑡)
⁄ − 𝑣 −𝑀𝑖𝑛(𝑣)

𝑀𝑎𝑥(𝑣) −𝑀𝑖𝑛(𝑣)⁄  402 

⁡=
𝑇𝑚𝑟𝑡 − 12.0

64.0 − 12.0⁄ − 𝑣 − 0
4.0 − 0⁄  403 

 =
𝑇𝑚𝑟𝑡−12.0

52.0
−

𝑣

4.0
                                                                                                            (6)  404 

where T’
mrt and v’ are the standardized Tmrt and v, ranging from 0 to 1. The index was applied at 405 

the wide range: 12.0≤Tmrt ≤64.0℃ and 0<v≤4.0m/s.   406 

 To evaluate outdoor thermal comfort with SWI, the distributions of the surveyed TSV, DS/W and 407 

TCV at varying of SWI were investigated in cold conditions (Ta≤26.0℃) and hot conditions 408 

(Ta>26.0℃). Due to limited numbers of subjects for each SWI value, the SWI unit with 0.1 width 409 

was chosen for analysis. For example, SWI of 0.1 represented the SWI values equaling to about 410 

0.1, and so on. The surveyed TSVs were averaged for each SWI unit and the averaged TSVs was 411 

presented as TSV’. The percentage of DS/W ≤0.7 indicating subjects’ desires for either less sunlight 412 

and/or more wind, the percentage of DS/W ≥1.5 indicating subjects’ desires for either more sunlight 413 

and/or less wind, the percentage of DS/W ≠1.0 indicating subjects’ desires for changes in sun and 414 

wind conditions, and TCV≥1 demonstrating thermal comfort were also calculated for each SWI 415 

unit.  416 

Fig. 5a shows the TSV’ and percentages of TCV≥1, DS/W ≠1.0, DS/W ≤0.7 and DS/W ≥1.5 against 417 

SWI under Ta≤26.0℃. It can be seen that the TSV’ increases with increasing SWI and the 418 

percentage of TCV≥1 initially increases with the increasing SWI and then decreases. In this study, 419 

the combined sun and wind conditions where more than 50.0% of subjects voted for TCV≥1 were 420 

defined as thermally comfortable combined sun and wind conditions. It is due to that more than 421 

80% of subjects feeling comfortable outdoors was difficult to be found in this study. According to 422 



Fig. 5a, at Ta≤26.0℃, the thermally comfortable combined sun and wind conditions are found at 423 

SWI range of -0.1-0.2 where TSV’ between -1 and 0 (slightly cool and neutral) is observed. The 424 

maximum percentage of TCV≥1 is found at SWI range of 0.1-0.2, which is defined as the most 425 

comfortable SWI range at Ta≤26.0℃.  426 

Additionally, it is noted that the percentages of DS/W ≠1.0 increase with the decreasing percentages 427 

of TCV≥1. Subjects’ desires for either less sunlight and/or more wind (DS/W ≤0.7) are predominant 428 

at higher SWI and those for either more sunlight and/or less wind (DS/W ≥1.5) are predominant at 429 

lower SWI. The results reflect subjects’ direct evaluation to sun and wind conditions and their 430 

desires of becoming more comfortable by changes in sun and wind conditions. As SWI is higher 431 

than 0.3, the sudden decrease of thermal comfort and increase of TSV’ and desires for either less 432 

sunlight and/or more wind (DS/W ≤0.7) are observed. Therefore, although still 40%-50% percent of 433 

subjects exhibit high expectations of either more sunlight and/or less wind (DS/W ≥1.5)  at the 434 

comfortable SWI range, neutral thermal environments with the sun condition slightly stronger than 435 

the wind condition are more welcome at Ta≤26.0℃.  436 



 437 

                                                                    a) 438 



 439 

                                                                    b) 440 

Fig. 5 Averaged thermal sensation (TSV’), percentages of thermal comfort (TCV≥1) and different 441 

sun and wind desirability (DS/W) at varying of SWI in cold and hot conditions: a) cold conditions 442 

(Ta≤26.0℃); b) hot conditions (Ta>26.0℃) 443 

Fig. 5b shows the TSV’ and percentages of TCV≥1, DS/W ≠1.0, DS/W ≤0.7 and DS/W ≥1.5 against 444 

SWI under Ta>26.0℃. It can be seen that the percentage of TCV≥1 also initially increases with 445 

the increasing SWI and then decreases. At Ta>26.0℃, the thermally comfortable combined sun 446 

and wind conditions are found at SWI range of -0.3-0.2, and the corresponding TSV’ is found 447 

between -0.5 and 1 (neutral and slightly warm). It is perhaps due to the effects of air temperature, 448 

TSV’ in Fig. 5b is higher than that in Fig. 5a as regarding to the same SWI unit. The maximum 449 



percentage of TCV≥1 is located at SWI range of -0.3 – (-0.1), which is defined as the most 450 

comfortable SWI range at Ta>26.0℃.  451 

It is interesting to note that subjects’ desires for either less sunlight and/or more wind (DS/W ≤0.7) 452 

are predominant at almost all SWI at Ta>26.0℃, which is perhaps resulted from the effects air 453 

temperature. As SWI is lower than -0.4, the sudden decrease of thermal comfort and increase of 454 

desires for either more sunlight and/or less wind (DS/W ≥1.5) are observed. Therefore, although still 455 

40%-50% percent of subjects show high expectations of either less sunlight and/or more wind 456 

(DS/W ≤0.7) at the comfortable SWI range, neutral thermal environments with the wind condition 457 

slightly stronger than the sun condition are more welcome at Ta>26.0℃.  458 

When comparing Fig. 5a and Fig. 5b, comfortable SWI range at Ta>26.0℃ (-0.3-0.2) is larger than 459 

that at Ta≤26.0℃ (-0.1-0.2), indicating the importance of stronger wind conditions in hot days in 460 

Hong Kong and relatively high tolerance of subjects with sun conditions. Additionally, the 461 

maximum percentage of TCV≥1 observed at Ta>26.0℃ is larger than that observed at Ta≤26.0℃. 462 

It is perhaps due to that relatively strong wind conditions at Ta>26.0℃ not only efficiently take 463 

away heat from subjects, but dry moist skin caused by hot-humid days and produce cool stimulus 464 

to subjects, which could amplify subjects’ comfortable feelings in hot days. However, strong wind 465 

conditions at Ta≤26.0℃ can bring uncomfortable drafts feelings to subjects. Relatively strong sun 466 

conditions in cool days may only increase warm without extra stimulus to subjects as wind 467 

conditions do in hot days.  468 

The asymmetrical distributions of TCV≥1 and TSV’ against SWI are observed in Fig. 5. When the 469 

absolute value of SWI is the same, stronger wind conditions or stronger sun conditions have 470 

unequal influence in subjects’ thermal comfort. It is perhaps resulted from the integrated effects 471 

of the wind, solar radiation, air temperature and the attitudes of subjects to the wind and solar 472 



radiation. Additionally, a much sharper decrease of the percentages of TCV≥1 and change of the 473 

TSV’ at SWI>0.2 than those at SWI<-0.2 is observed. The results reveal that as SWI is out of the 474 

comfortable range, subjects are more tolerable to the cooling effects of wind than to the heating 475 

effects of solar radiation.  476 

From Fig. 5, the thermally comfortable combinations of sun and wind conditions regarding the 477 

SWI range of -0.1-0.2 are found applicable to a wide air temperature range of 12.0℃-36.0℃. 478 

Therefore, suitable combinations of sun and wind conditions can help more than 50.0% of people 479 

to cope with wide air temperature range and feel comfortable outdoors. Based on the findings 480 

above, intuitive guidance on thermally comfortable combinations of sun and wind conditions is 481 

provided by Fig. 6.  482 

Fig. 6a is a coordinate graph of v and Tmrt regarding the SWI units of the thermally comfortable 483 

SWI range. Fig. 6b is the v-Tmrt diagram for thermal comfort derived from Fig. 6a based on the 484 

correlation between v and Tmrt in Fig. 6a. The lines 2 and 4 in Fig. 6a are regressed with the point 485 

data of SWI≈-0.1 and SWI≈0.2 and expressed as Eqs. (8) and (10), respectively. The parameter 486 

ranges of 12.0≤Tmrt≤60.0℃ and 0<v≤3.5m/s were set and the above two lines were transformed 487 

into the lines 2’ and 4’ in Fig 6b. The lines 2’ and 4’ are regarded as two benchmarks of thermally 488 

comfortable combinations of v and Tmrt at Ta range of 12.0-36.0℃. With the other two benchmarks 489 

of 3.5m/s for v and 60.0℃ for Tmrt, respectively, the thermal comfort zone 2 is drawn in Fig. 6b. 490 

Lines 1 and 3 are regressed with the point data of SWI≈-0.3 and SWI≈0.1 in Fig. 6a, and expressed 491 

as Eqs. (7) and (9), respectively. As discussed above, the most comfortable SWI range of -0.3-(-492 

0.1) and that of 0.1-0.2 were found at Ta>26.0℃ and Ta≤26.0℃, respectively. Therefore, in Fig. 493 

6b, the line 1’ corresponding to the line 1 and the line 3’ corresponding to line 3 are regarded as 494 

the lower benchmarks of the most comfortable combinations of v and Tmrt at Ta>26.0℃ and 495 



Ta≤26.0℃, respectively. With the benchmarks of 3.5m/s for v and 60.0℃ for Tmrt, the comfort 496 

zones 1 and 3 are figured out in Fig 6b, respectively.  497 

  498 

                                                                    a) 499 



  500 

                                                                    b) 501 

Fig. 6 Thermally comfortable combinations of sun and wind conditions at Ta ranging from 12.0℃ 502 

to 36.0℃: a) coordinate graph of v and Tmrt; b) v-Tmrt diagram and comfort zone 503 

v = 0.091 ∗ 𝑇𝑚𝑟𝑡 − 0.075⁡⁡⁡⁡(⁡𝑅2 = 0.61)                                                       (7) 504 

v = 0.076 ∗ 𝑇𝑚𝑟𝑡 − 0.529⁡⁡⁡⁡(⁡𝑅2 = 0.81)                                                       (8) 505 

v = 0.079 ∗ 𝑇𝑚𝑟𝑡 − 1.378⁡⁡⁡⁡(⁡𝑅2 = 0.92)                                                       (9) 506 

v = 0.072 ∗ 𝑇𝑚𝑟𝑡 − 1.570⁡⁡⁡⁡(⁡𝑅2 = 0.97)                                                     (10)     507 

The v-Tmrt diagram (Fig. 6b) depicts a simplified thermal comfort zone derived from the thermally 508 

comfortable combinations of v and Tmrt at a wide air temperature range. It can be seen from line 1’ 509 

to line 4’ that effects of v and Tmrt make up for each other to keep comfortable thermal environment. 510 



The influences of higher v in subjects can make up the influences of higher Tmrt and vice versa. 511 

Zone 2 provides useful guidance on how to properly combine v and Tmrt to achieve thermal comfort 512 

in urban areas under a wide air temperature range. Zone 1 and Zone 3 demonstrate how to furtherly 513 

satisfy people by suitable combinations of sun and wind conditions in hot and cold days. It can be 514 

seen that the design of outdoor places which can properly combine and control the sun and wind 515 

conditions is desired in the future cities. In practice, if the wind speed of 1.5m/s is available in the 516 

urban areas in Hong Kong, there would be still more than 50% of people feeling comfortable 517 

within the Tmrt range of 26.7-42.6℃. The most comfortable Tmrt ranges are 17.3-26.7℃ at Ta>26.0 ℃ 518 

and 36.4-42.6℃ at Ta≤26.0 ºC, respectively.  519 

4. Conclusions 520 

In this study, we proposed a novel approach to discuss the applicability of UTCI in evaluating the 521 

outdoor thermal comfort in Hong Kong and a new index to evaluate the outdoor thermal comfort 522 

in respective of the combined sun and wind conditions. To explore the applicability of UTCI, we 523 

compared the variations of subjective TSV and UTCI with the changing meteorological and 524 

personal parameters, and identified significant factors influencing the subjective TSV and those 525 

estimated by UTCI. The analysis conducted in this study were based on the data derived from 526 

simultaneous meteorological measurements and questionnaire surveys in subtropical Hong Kong. 527 

Therefore, the concept that UTCI needs to be improved in some respects should be cautioned in 528 

other climate regions.  529 

Once the factors significantly influencing the subjective TSV have been identified, the new index 530 

is subsequently formulated to evaluate outdoor thermal comfort in respective of the combined sun 531 

and wind conditions. The advantage of this index is that it’s quite straightforward and helpful in 532 

guiding how to properly combine sun and wind conditions in design stage for thermal comfort in 533 



urban areas. However, the limitation is that the comfortable combined sun and wind conditions 534 

derived in this study are applicable to short-term outdoor exposure. Nevertheless, following 535 

conclusions were reached in this study: 536 

1. The discrepancies are found between influences of traditional meteorological and personal 537 

factors evaluated by subjective TSV and those estimated by UTCI. Generally based on the survey 538 

results, influences of v and Tmrt in subjective thermal sensations at higher Ta are more significant 539 

than those estimated by UTCI. TSV is not purely influenced by physical effects of v and Tmrt but 540 

also the subjects’ desirability of sun and wind conditions (DS/W), which is not considered by UTCI. 541 

RH is significant estimated by UTCI but found less effective in changing TSV.  542 

2. Tmrt, DS/W, and v are the top three factors influencing the TSV of people conducting moderate 543 

activities, while Ta, Tmrt, and v are determining factors estimated by UTCI. Presumably, subjects’ 544 

adaptive clothes-wearing based on air temperature and their short-term and longitude adaptability 545 

to subtropical hot-humid climate in Hong Kong, have made air temperature and relative humidity 546 

outdoors less influencing factors than those estimated by UTCI. The applicability of UTCI in hot-547 

humid climate regions like Hong Kong can be improved by calibrating the overestimated 548 

influences of Ta and RH and underestimated influences of v and Tmrt at higher Ta by UTCI.  549 

3. A new index SWI, combining Tmrt and v and reflecting the relative strength of Tmrt and v, is 550 

defined and applied within the environmental parameter ranges of 12.0≤Tmrt≤64.0℃ and 551 

0<v≤4.0m/s. Thermally comfortable combinations of sun and wind conditions where more than 552 

50% of subjects vote comfortable are found at the SWI range of -0.1-0.2 under Ta ranging from 553 

12.0℃ to 36.0℃. Neutral thermal environments with the sun condition slightly stronger than the 554 

wind condition (0.1≤SWI≤0.2) and those with the wind condition slightly stronger than the sun 555 

condition (-0.3≤SWI≤-0.1) are found most comfortable at Ta≤26.0℃ and Ta>26.0℃, respectively. 556 



As the absolute value of SWI is the same and out of the comfortable range, people exhibit more 557 

tolerance to the cooling effects of stronger wind speed than to the heating effects of stronger solar 558 

radiation. 559 

4. The v-Tmrt diagram, derived from the thermally comfortable combined Tmrt and v, proposes three 560 

comfort zones, which effectively provides a detailed standard for combining sun and wind 561 

conditions for outdoor thermal comfort. The SWI index can be used as a supplemental index to 562 

assess the outdoor thermal conditions in the combined sun and wind conditions and provide useful 563 

guidance on the urban designs in Hong Kong. 564 

Accordingly, we recommend the improvement of thermal indices like UTCI in the future study, 565 

focusing on calibrating their evaluations on influences of meteorological parameters in human 566 

thermal responses in hot-humid climate regions, and considering influences of psychological 567 

factors. Furthermore, future studies on enriching comfortable combined sun and wind conditions 568 

based on more subjects, more outdoor places, more climate regions and longer outdoor exposure 569 

time should be conducted under the context of global warming.    570 
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