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Abstract 

Abstract of thesis entitled: The measure of outdoor thermal comfort with static-dynamic 

metrics for microclimate-friendly urban designs 

Submitted by          : Li Jianong 

For the degree of       : Doctor of Philosophy 

at The Hong Kong Polytechnic University in Sep, 2021. 

 

The combined effects of faster global warming and serious urban heat island in 

overpopulated cities like Hong Kong lead to the acute heat hazard in urban microclimatic 

environment with high-density built-up areas. It has particular negative impacts on the 

engagement in outdoor activities and outdoor space usage by citizens, physical and mental 

health, as well as the energy use in buildings. Recently, under the frustrating impacts of novel 

coronavirus disease 2019 (COVID-19), citizens were highly recommended to stay in open 

outdoor places with good ventilation for both physical and mental health. Thus, in face of the 

challenges brought about by climate change and epidemic spread, it is urgent than ever to 

design thermally comfortable outdoor places where citizens spend their everyday lives to 

mitigate the effects of climate change and improve citizen’s life quality.  

    Based on the urgency of creating microclimate-friendly spaces in high-density urban 

environment, the objective of this thesis is to address the following four important 

issues/questions. 1. How to evaluate outdoor thermal comfort in perspectives of sun and wind 

conditions, and how to optimize their combination for a comfortbale outdoor place welcoming 

relaxation? 2. What are the limitations of the popular thermal comfort indices in evaluating the 
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outdoor thermal comfort? 3. How do frequent exposures to cool-biased and hot-biased 

condition cycles influence the outdoor thermal comfort on the summer days, and how can these 

cycles be utilized for comfort and cooling strategy? 4. What are the influences of fluctuating 

wind and solar radiation on pedestrians in the urban continuum on hot summer days, and what 

are the suggested fluctuations for comfortable sidewalks design? 5. How to develop a metric 

to predict dynamic outdoor thermal comfort in diverse microclimate environments? 

The second and third parts of this thesis concentrates on the study of the outdoor thermal 

comfort when people’s thermal state thought to be near to steady in a microclimate 

environment. The acceptable microclimate environments were explored, as well as the 

strategies of optimizing sun and wind conditions for comfortable microclimate environments 

under a wide air temperature range. Plenty of simultaneous physical measurements of 

temperature (𝑇𝑎, °C), relative humidity (RH, %), wind speed (v, m/s), wind direction, black 

globe temperature (𝑇g, °C), long-wave and short-wave irradiance, and questionnaire surveys 

about subjective thermal perceptions were carried out to study over 1500 subjects’ thermal 

responses to microclimate thermal conditions. The experiments were conducted in typical 

outdoor places on a university campus under various seasons in Hong Kong.  

The second part proposed a conception of desirability of sun and wind conditions when 

people spending leisure time outdoors. The evaluation of outdoor thermal comfort using the 

Universal Thermal Climate Index (UTCI) can be improved by considering the subjective 

desirability of sun and wind conditions. Based on the desirability of sun and wind conditions, 

sun acceptability and wind acceptability were prosed using the utility function to determined 

acceptable UTCI ranges. The third part demonstrated that the mean radiant temperature (Tmrt) 

and the wind speed (v) directly influenced subjective perceptions but whose effects were not 

well estimated by UTCI. A combined sun and wind condition index (SWI) together with a 
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Tmrt_v diagram were proposed to optimize the combinations of the sun and wind conditions for 

outdoor thermal comfort across a wide air temperature range.  

The fourth part of this thesis concentrates on transient thermal comfort of people who are 

being exposed to frequent spatiotemporal step changes in outdoor microclimate environments. 

It is one of dynamic natures of outdoor thermal environments. The fourth part revealed the 

significant influences of step change frequencies on transient and adapted thermal perceptions. 

The greater thermal satisfaction and decreased need for comfort can be achieved by higher 

frequency of step changes or more opportunities to cool-biased environments. A UTCI-based 

new index equivalent UTCI* is proposed to depict sensational temperature in microclimate 

environments where people are subjected to frequent spatiotemporal step changes. With a 

higher alternating frequency, there was reduced thermal dissatisfaction with hot summer days 

and a lower comfort requirement for shade, as well as the upper limit of acceptable UTCI* 

approaching 43.7°C.  

One another dynamic aspect of outdoor thermal environments was the highly 

spatiotemporal fluctuating solar radiation and wind flow produced by complex urban 

continuum during movement. Such fluctuating microclimate can bring instantaneous pleasant 

or annoyed stimulus to pedestrians, which may influence the overall thermal comfort in both 

physiological and psychological aspects. Therefore, the fifth parts of this thesis concentrated 

on the dynamic thermal comfort of pedestrians strolling in the urban continuum while subjected 

to fluctuating solar radiation and wind flow.  

The simultaneous mobile physical measurements of 𝑇𝑎, RH, v and 𝑇g, and collection of 

physiological (skin temperature and local sweating rate) and instantaneous perceptual 

(questionnaire) responses from 70 college-age subjects were conducted in two different urban 

continua. Subjects were required to walk and have a rest in each measurement within 1.5 hours 
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on typical summer days. A perceptible fluctuation index (PFI) was proposed to describe the 

apparent fluctuating wind flow and solar radiation during experiments. 

The fifth part confirmed that, there was a mixed thermal perception responding to 

fluctuating sun and wind conditions on hot summer days, in which the hot and cool warnings 

appeared at skin alternately, regardless of the heat accumulated inside the body. Impacts of 

fluctuating v and fluctuating Tmrt on transient thermal perceptions cannot be reflected by UTCI. 

The fluctuation of mean skin temperature was found highly related to the fluctuating v and Tmrt, 

which became the basis of integrating the fluctuation of v and Tmrt. This integrated fluctuation 

significantly influenced the needs of cooling and the possibility of pleasant or annoyed feelings.  

Moreover, possibility of pleasant feelings was influenced by mixed fluctuating v and Tmrt 

and sweating rate, less than 50% of subjects were found annoyed by changes in v and Tmrt. The 

minimum v triggering pleasant feelings, the threshold of Tmrt irrigating people, and acceptable 

sequential change in mean skin temperature were explored under different fluctuating v and 

Tmrt. By regulating the fluctuation of v and Tmrt in a proper way and considering their mixed 

impacts, a cooling effect equivalent to lowering air temperature by 1.0-2.0 ℃, as well as the 

continuously acceptable thermal environments, can be achieved. A new framework to evaluate 

the dynamic outdoor thermal comfort and predict thermal sensation was proposed by taking 

into account fluctuating v and Tmrt, physiological thermal load in addition to UTCI and DTS.  

The obtained results can guide the evaluation of outdoor thermal comfort in near steady 

state and dynamic state, and suggest the further modification of thermal comfort models by 

carefully taking into account the impacts of sun and wind conditions on heat transfer process 

and thermal perceptions in the urban continuum. It is expected that the results in this research 

could be significant for understanding the actual impacts of outdoor solar and wind conditions 

on thermal comfort, as well as for providing criteria of how to regulate and combine the sun 
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and wind environments through urban building morphologies for outdoor thermal comfort. 

Furthermore, it can inspire urban designers to adapt present urban designs to ones with 

fluctuating variables that can be adjustable to create microclimate-friendly environments, 

meeting the needs of users and mitigating the impacts of urban heat island and global warming.  
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1.2 The climate-related challenges  

1.2.1 The global warming and heat wave threats  

On August 9, 2021, the United Nations-led Intergovernmental Panel on Climate Change 

(IPCC) published the key conclusions of its Sixth Assessment Report Working Group I (IPCC, 

2021): there is strong scientific agreement that human activities are driving global warming 

and that the global climate system is changing rapidly and dramatically, some of which are 

irreversible. Under the most ambitious low carbon-emissions scenario, global warming is 

projected to reach 1.5 ℃ by the 2130s. For every increment of global warming, the intensity 

and frequency of high-temperature extreme weather occurrences are rapidly increasing. In 

recent years, it’ very common to see the reports of summer heat waves and heat-related 

mortality word widely (Perkins-Kirkpatrick & Lewis, 2020).  

1.2.1.1 Urban overheating 

The inexorable force of urbanization consumes large amounts of natural vegetation, with 

their emphasis on concreting nearly everything, have amplified the worldwide trend of 

temperature rise within their boundaries and result in the urban overheating (Koc et al., 2017). 

The urban overheating can occur not only during the summer, but also at night and during the 

winter. It is reported that the intensity of urban overheating can reach 6 to 7°C in over 450 

major cities throughout the world. This might cause energy overuse for cooling which is not 

responding to the low carbon-emissions goals (Khan et al., 2021). Additionally, higher ambient 

temperatures are also linked to poor indoor and outdoor comfort conditions, challenging the 

life quality of citizens, especially causing serious vulnerability problems to low-income 

populations (Santamouris et al., 2020). 
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1.2.1.2 Physical and mental health problems 

Nowadays, although human beings have recognized the significance of lowering the speed 

of global warming and taken actions, we are still not fully prepared for facing the frequent 

climate changes in lots of aspects and suffering from negative impacts of these changes. 

Physical and mental health problems are most widely documented threats to citizens under 

combined effects of global warming and urban overheating in overpopulated cities (Orimoloye 

et al., 2019). Physically, the heat stress combined with high humidity can lead to heat stroke 

and cardiovascular and cerebrovascular diseases, which threaten the life (Foster et al., 2020). 

Mentally, heat stress can make people feel more stressed, angry and tired, and one the other 

hand result in unexpected agitated behaviors and depression (Majeed & Lee, 2017; Palinkas & 

Wong, 2020). It is reported that the number of mental illness-related patients tends to increase 

during the hot months (Wang et al., 2014). Additionally, reduced engagements in outdoor 

activities due to heat stress easily worsen the physical quality of people, exacerbate mental 

health problems and cause a decreased adaptability to heat stress under over usage of air 

conditionings. 

1.2.1.3 Outbreak of the COVID-19 virus  

The new corona virus COVID-19 outbroke in year 2019 caused a pandemic that has been 

affecting all respects of human life, not only attacking our physical health, but also increasing 

mental suffering (Holmes et al., 2020). The World Health Organization (WHO, 2021) suggests 

people to stay away from the enclosed and crowded indoor spaces, and go to outdoor spaces 

with good nature ventilation and sunshine for both physical and mental health (Freeman & 

Eykelbosh, 2020). The suggestions and the situation that heat stress hinders the outdoor 

activities are undoubtedly contradictory. Although the spread of COVID-19 virus has been 
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relatively controlled, it is not sure whether there will be another epidemic caused by climate 

change and extreme weathers in the future.  

Although the current situations and challenges seem frightening, we still have 

opportunities to take actions to face these challenges and achieve a sustainable development 

around the world. One of the important and effective action is to mitigate the urban overheating 

and create thermally comfortable outdoor places that attract more people for outdoor activities 

(Brown, 2010). On one side, designing and building thermally comfortable outdoor spaces may 

assist minimize indoor cooling energy use and help meet low-carbon emission targets. On the 

other hand, they serve as easy-access life gas stations for residents to relax and enjoy outdoor 

activities, thus improving their thermal adaptability. Therefore, it is urgent than ever before to 

create climate change sensitive cities to minimize the impacts of climate change, by designing 

thermally comfortable outdoor places where citizens spend their everyday lives. 

1.2.2 The current situation and demand in Hong Kong  

Hong Kong is one of the densest cities in the world and is characterized with its hot and 

humid summers (Cheung & Hart, 2014). The subtropical heat is exacerbated by the urban 

settings with high-density, which produces severe urban heat island effects (UHI) and mainly 

contribute to the growing warming trend in the city (Kotharkar et al., 2018). It is reported by 

Hong Kong Green Building Council Limited (HKGBC) that the number of extremely hot days 

(daily maximum air temperature higher than or equal to 33°C) and hot nights (daily minimum 

air temperature greater than or equal to 28°C) in Hong Kong has risen significantly throughout 

the years (HKGBC, 2017). Furthermore, according to recent data from the National Oceanic 

and Atmospheric Administration of the United States (Rafferty, 2020), The average global 

temperature in June 2019 was the warmest in a 140-year record, while the average temperature 

in Hong Kong in June 2019 was one of the three highest on record (Li & Liu, 2020).  
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In view of this, the Hong Kong Government has launched the Climate Action Plan 2030+ 

and emphasized the necessity of taking the urban climate into account while responding to 

climate change. Hong Kong is a fast-paced multinational metropolis with a rapidly aging 

population, citizens’ living space is limited and they prefer to spend more daily time in public 

places and outdoor areas for relieving stress (Xue et al., 2017). Additionally, walking and 

public transportation are the main commuting modes for citizens in Hong Kong (Lu et al., 

2018), and they are more likely to expose to various outdoor thermal environments produced 

by complex urban geometries. Under the context of climate and culture features in Hong Kong, 

counterbalancing the impact of urban overheating and creating thermally comfortable urban 

environments are essential and urgent.  

The quality of the urban environment can be improved with better planning and design. 

Over the years, researches focusing on the relationships among human thermal regulation 

system, thermal comfortable environment and architecture have been accumulated, and the 

understanding of heat mitigation strategies in urban areas has evolved (Li et al., 2020). Based 

on these researches, many guidelines and policies aiming to improve the thermal environments 

in urban areas have been established since the year of 2005 in Hong Kong (HKGBC, 2017). 

The two main sets of guidelines on urban climate are Air Ventilation Assessment (AVA) (E. 

Ng, 2009) and Sustainable Building Design (SBD) Guidelines. The contents in these guidelines 

are continuously updated based on new studies under the context of global warming, policies 

of low-carbon emissions and demand for pleasant city lives.  
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1.3 Urban microclimate and outdoor thermal comfort  

1.3.1 Urban geometry and urban microclimate  

There is a proverb going like this “keep the eyes on the stars and feet on the ground”. The 

proverb illustrates us that adequate studies should be conducted for understanding of the 

dynamics among built environments, microclimate and human thermal comfort before taking 

effective actions to create thermally comfortable urban environments. The research on outdoor 

thermal comfort is multidisciplinary research requiring science and principles from several 

disciplines like meteorology, architecture, city planning, heat and mass transfer, and 

physiology and psychology. How this research has been carried forward so far will be 

introduced as the following. 

Urban microclimate happens within the urban canopy layer, where people live and work, 

and thus is about the interactions between the local built environment, human activities and 

climate at larger scales (Bherwani et al., 2020). It is determined by local air velocity, 

temperature, and humidity; solar radiation and reflection; building and ground surface 

temperatures; and long-wave radiation exchange (Dorer et al., 2013). Because heat exchange 

occurs between urban growth and human activity, the microclimate environment is influenced 

most by urban geometry. (Targhi & Van Dessel, 2015). Both the Urban Heat Island (UHI) and 

Urban Cool Oasis (UCO) are microclimate phenomena in urban areas.  

1.3.2 Outdoor thermal comfort  

One of the main objectives of urban microclimate design is to improve outdoor 

environmental quality and create a thermally comfortable environment for users. (Lai et al., 

2017b). Human thermal comfort plays a role second to none to assess the urban microclimate 

of an outdoor area and attract more people to enjoy outdoor activities in outdoor places, and 
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thus furtherly provide guidance for thermally comfortable outdoor place designs (Li et al., 

2020). It represents the subject's assessment of the surrounding thermal environment in relation 

to their satisfaction and willingness to stay in current thermal environments. Personal 

preferences as well as external climatic variables that interact with the human body, such as 

wind, sun radiation, humidity, temperature, clothing, metabolism rate, and so on, all have a 

role in determining the outdoor thermal comfort (Lai et al., 2020a).  

Studies on outdoor thermal comfort have been conducted in a variety of climatic zones 

and metropolitan locations throughout the years, and they have made important contributions 

to understanding thermally comfortable outdoor environments. (Binarti et al., 2020; Lai et al., 

2020a; Li et al., 2020). By searching “outdoor thermal comfort” in the Web of Science, there 

are about 3168 publications since Year of 1986, and from 2013 the study on outdoor thermal 

comfort has become the hot one to fight the global warming and climate change. Due to the 

plenty of studies discussing different issues related to outdoor thermal comfort, the five topics 

were selected to conduct the review work in this thesis. They are (a) the measurement of 

outdoor thermal comfort; (b) the optimization of microclimatic variables to achieve outdoor 

thermal comfort; (c) the outdoor thermal comfort in transient environments; (d) the outdoor 

thermal comfort in complex urban geometries with fluctuating microclimatic variables; (e) the 

improvement of outdoor thermal comfort models.  
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1.4 Hot topics of outdoor thermal comfort study 

1.4.1 Assessment of outdoor thermal comfort  

1.4.1.1 Human thermal responses  

1) Subjective thermal perception  

According to ASHRAE standard 2010, human thermal comfort is defined as “the state of 

mind, which expresses satisfaction with the thermal environment” (ASHRAE, 2017a). 

Therefore, the most direct method to present whether people are thermally comfortable or not 

is subjective thermal sensations vote and thermal comfort votes (Johansson et al., 2014). The 

ASHRAE seven-point scale, which includes "-3 cold," "-2 cool," "-1 slightly chilly," "0 

neutral," "1 slightly warm," "2 warm," and "+3 hot," is the most often used thermal sensation 

scale. Many research made use of an enlarged ASHRAE seven-point scale, which covers "-4 

very cold" and "+4 very hot” (Zhang et al., 2010). In addition to thermal sensation, direct 

description of the thermal comfort by scales also appeared in many studies (Chai et al., 2020; 

Huang et al., 2017; Yang et al., 2016). However, these scales varied with different studies and 

there is no standard scale like thermal sensation scale for describing the thermal comfort. It is 

because that thermal comfort is a mind state characterized with great uncertainties and can be 

influenced by mixed factors in addition to the thermal aspect, particularly in outdoor 

environments.  

According to Humphreys and Hancock (2007), each word on the ASHRAE feeling scale 

was linked to several levels of thermal comfort. Later, a theory of alliesthesia was proposed by 

Parkinson and de Dear proposed (2015) to explain the pleasant warm and cool feelings. It is 

more like a “hot warning” or “cool warning” on the skin surface that apparently counterbalance 

the cold stress or heat stress cumulated inner body, and thus produce pleasant feelings (Uğursal 
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& Culp, 2013). Currently, “alliesthesia” has become a popular description of thermal 

perception under dynamic and non-uniform thermal environments (Liu et al., 2021). In many 

studies, thermal preference and thermal acceptance were chosen as supplemental thermal 

perceptions when the thermal sensation was not adequate to describe the outdoor thermal 

comfort (Lin et al., 2011). Considering some limitations of one-dimensional describe scale to 

describe outdoor thermal comfort, Liu et al. (2020) created a more sophisticated, multi-

dimensional description of subjective thermal state by converting thermal sensation to thermal 

affect. 

2) Physiological thermal responses  

In addition to subjective thermal perceptions, physiological responses such as skin 

temperature, core temperature, sweating, shivering, vasoconstriction and dilation are direct 

indicators of the body’s thermal state under impacts of thermal environments (Fiala, 1998). 

These indicators are on the other hand more stable than subjective thermal perceptions due to 

the products of human thermal regulation system and energy balance for the human body (Fiala 

et al., 1999). In view of this, the mathematical models that simulate the human thermal 

regulation systems and heat and mass transfer process were developed to predict physiological 

responses under impacts of personal and climate factors (Zhao et al., 2021). These thermal 

comfort models differ in various ways, ranging from steady-state to dynamic processes, and 

from one node to two nodes to multi-nodes and multi-elements (Fang et al., 2019). The model 

is to solve the total heat balance equation between a uniform environment and the human body 

(Lai & Chen, 2016). 

Based on the assumed human body constructure while modeling physiological responses, 

thermal comfort models are categorized into single-segment and multi segment models. A 

single-segment model is consisted of two nodes of core and skin surface in which heat transfer 
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happens, which solves the heat balance equation between a uniform environment and the 

human body. There are two commonly used single-segment model including Gagge’s two-

node model (1973) and the Munich Energy-balance Model for Individuals (MEMI) model 

(Höppe, 1999), which will be introduced in the following sections. Despite the easy-

understanding and friendly-use natures of a single-segment model, its simplified body structure 

and simplified heat transfer process have led to inaccuracies in calculating human physiological 

responses.  

Basically, the multi-segment model which indicates that the human body consists of 

several segments and nodes, emerges as the times require. Stolwijk created the first multi-

segment model in 1971 (Stolwijk, 1971). After then, several researchers like Fiala, Huizenga, 

Tanabe and et al. enhanced Stolwijk's model step by step (Fiala, 1998; Huizenga et al., 2001; 

Tanabe et al., 2002), among which Fiala model, UC-Berkeley model and JOS series model are 

well known and widely applied. These models are to reflect the sophisticated heat transfer 

mechanism within the body segments and nodes and adapt to calculate physiological responses 

in non-uniform and transient thermal environments. These multi-segment models overcame the 

drawbacks of single-segment model and improve the accuracies in calculating human 

physiological responses to a great degree.  

1.4.1.2 Outdoor thermal comfort indices 

Although physiological and subjective thermal responses can present body’s thermal 

status, they cannot be directly used as guidance on comfortable outdoor microclimate design. 

Besides, the terminology like body temperature and heat flow may be meaningless to those 

unfamiliar with thermos-physiology or biometeorology (Binarti et al., 2020). To overcome this 

obstacle, thermal indices that can directly calculate the impacts of meteorological factors on 
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the human thermal responses have been developed. Outdoor thermal comfort indices are 

classified into two types: perception indices and temperature indices.  

1) Perception indices  

Perception indices were developed based on physiological responses or direct 

microclimatic factors to calculate thermal sensations. Thermal Sensation Index (TSI) which 

was developed in Japan and applied in public housing projects in Hong Kong empirically 

correlates air temperature, horizontal solar radiation, wind speed, relative humidity and mean 

radiant temperature with thermal sensation (HKGBC, 2017). The empirical thermal indices are 

characterized with their easy-available and user-friendly natures. TSI can be calculated by the 

following formula: 

TSI = 1.7 + 0.1118Ta + 0.0019SR – 0.322WS – 0.0073RH + 0.0054ST            (1.1) 

where, 

Ta = air temperature (°C) 

SR = horizontal solar radiation (W/m2) 

WS = wind speed (m/s) 

RH = relatively humidity (%) 

ST = surrounding ground surface temperature (°C), assumed to be Ta+3°C for TSI calculation 

The perception indices listed below were developed using a regression analysis of 

experimental data from the thermal sensation vote and physiological responses predicted by 

the aforementioned thermal comfort models. Fiala created Dynamic Thermal Sensation (DTS) 

in 1998, based on a regression analysis of thermal sensation votes and Fiala's multi-segment 

model findings of skin temperature, hypothalamus temperature, and rate of change in skin 
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temperature. (Fiala, 1998; Fiala et al., 2003). It is applicable to calculate transient thermal 

sensation and the equation can be expressed as the following: 

𝐷𝑇𝑆 = 3 × 𝑡𝑎𝑛ℎ [𝑎 ∙ ∆𝑇𝑠𝑘,𝑚 + 𝐹2 + (0.11 (
𝑑𝑇𝑠𝑘,𝑚

(−)

𝑑𝑡
) + 1.19(

𝑑𝑇𝑠𝑘,𝑚
(+)

𝑑𝑡
)
𝑚𝑎𝑥

∙ 𝑒−0.681𝑡) ∙
1

1+𝐹2
]  

(1.2) 

𝐹2 = 7.49 × exp(
−0.902

∆𝑇ℎ𝑦+0.4
+

7.612

∆𝑇𝑠𝑘,𝑚−4
)                                           

(1.3) 

where ∆𝑇𝑠𝑘,𝑚 and ∆𝑇ℎ𝑦 are the mean skin temperature and brain temperature error signals, 

respectively. They indicate temperature variations from the set point. 
𝑑𝑇𝑠𝑘,𝑚

(−)

𝑑𝑡
 is the negative 

changing rate of mean skin temperature and (
𝑑𝑇𝑠𝑘,𝑚

(+)

𝑑𝑡
)
𝑚𝑎𝑥

 is the highest positive changing rate 

of mean skin temperature. 𝐹2  is determined by a multiple function of ∆𝑇𝑠𝑘,𝑚  and ∆𝑇ℎ𝑦  

temperature error signals to present the impacts of core temperature on thermal sensation.  

The other well-known perception index is Zhang’s local and overall thermal sensation 

index, which was established based on the experiment data of thermal sensation vote and skin 

and core temperatures estimated by UC-Berkeley Thermal Comfort Model (Zhang, 2003). The 

local thermal sensation index and overall thermal sensation index can be calculated as: 

𝑇𝑆𝑙𝑜𝑐𝑎𝑙 = 4(
2

1+𝑒
[−𝐶1∆𝑇𝑠𝑘−𝐾1(∆𝑇𝑠𝑘−∆𝑇𝑠𝑘,𝑚)]

− 1) + 𝐶2
𝑑𝑇𝑠𝑘

𝑑𝑡
+ 𝐶3

𝑑𝑇𝑐𝑟

𝑑𝑡
                     

(1.4) 

𝑇𝑆𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =
∑𝑤𝑒𝑖𝑔ℎ𝑡𝑖𝑇𝑆𝑙𝑜𝑐𝑎𝑙,𝑖

∑𝑤𝑒𝑖𝑔ℎ𝑡𝑖
                                                   

(1.5) 
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where, 𝑇𝑆𝑙𝑜𝑐𝑎𝑙  is the local thermal sensation of a particular segment and ∆𝑇𝑠𝑘  is the 

erroneous signal of the local skin temperature. C1, C2, C3, and K1 are coefficients derived 

from regression analysis of experimental data, and their values vary depending on the local 

segment. The first item denotes the static impact, whereas the second and third terms denote 

the transient effects of local skin and core temperatures. 𝑇𝑆𝑜𝑣𝑒𝑟𝑎𝑙𝑙  is the overall thermal 

sensation and determined by the weighted average of the local thermal sensations. 

The first index TSI displays the direct and empirical impacts of microclimatic factors on 

thermal sensations, which might be restricted by local climate and culture characteristics and 

less world widely applicable. The DTS and Zhang’s local and overall thermal sensation index 

believe that thermal sensation is determined by physiological responses. Despite their robust 

and stable derivation based on thermal comfort models, these indices are restricted by 

physiological characteristics of different groups of people from all around the world 

(Kobayashi & Tanabe, 2013; Zhou et al., 2013).  

2) Temperature indices 

The second type of outdoor thermal comfort index is the “equivalent temperature”. They 

are the ambient temperatures of a reference environment that induce a reference individual to 

have the identical physiological reactions as if they were in the actual environment (Bröde, 

Fiala, et al., 2012a; Mayer & Höppe, 1987). The physiological responses are estimated by the 

aforementioned thermal comfort models. These indices also quantify the impacts of thermal 

environments on human in the physiological respective and are characterized with their user-

friendly natures to be calculated. Some of the well-known “equivalent temperature” for outdoor 

uses include Physiologically Equivalent Temperature (PET) (Mayer et al., 1987) and Universal 

Thermal Climate Index (UTCI) (Błażejczyk et al., 2013; Bröde, Fiala, et al., 2012a). 
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The PET compares the steady state physiological responses generated by aforementioned 

one-segment MEMI model and accounts for all thermoregulatory processes such as sweating, 

shivering, and vasoconstriction and dilation (Höppe, 1993). PET is described as the air 

temperature in a typical indoor setting that produces the same core temperature, skin 

temperature, and sweating rate as real-life complicated outdoor situations. (Xue et al., 2020). 

The thermal environment in this typical indoor space is characterized with the same 

surrounding surface temperature and air temperature, the calm air (0.1 m/s), and 1200 Pa of the 

vapor pressure. PET can be easily calculated by inputting the values of microclimatic variables 

including ambient air temperature, mean radiant temperature, wind speed and relatively 

humidity, as well as information of metabolic rate and clothing insulation (Matzarakis et al., 

2010).   

UTCI is another equivalent ambient temperature of a reference environment that produces 

the same physiological responses produced by Fiala's multi-segment model as the actual 

outdoor environment. In addition to the Fiala's multi-segment thermal regulation, an adaptive 

clothing model was applied to derive the UTCI (Havenith et al., 2012). Static clothing 

insulation is modified according to ambient air temperature in the clothing model, taking 

seasonal clothing preferences of Europeans into account. Additionally, the metabolic rate in 

the Fiala's multi-segment model is assumed as 2.3 Met. Therefore, UTCI is more advanced 

than PET, which is reflected by easier calculation with air temperature (Ta, ℃), mean radiant 

temperature (Tmrt, ℃), relative humidity (RH, %), and wind speed at a height of 10 meters 

above the ground (v10, m/s) (Eq. 1.6) (Bechrakis & Sparis, 2000). Unlike PET, UTCI compares 

the dynamic physiological responses produced by Fiala's multi-segment model and it thus has 

incorporated transient characteristics. 

UTCI = f(𝑇𝑎; 𝑇𝑚𝑟𝑡; 𝑣10; 𝑅𝐻) = 𝑇𝑎 + 𝑂𝑓𝑓𝑠𝑒𝑡(𝑇𝑎; 𝑇𝑚𝑟𝑡; 𝑣10; 𝑅𝐻)                 (1.6) 
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The wind speed at 10 meters above ground, rather than the wind speed at pedestrian level, 

is required for computing the UTCI (Li et al., 2018). As a result, using Eq. (1.7), the wind speed 

obtained at 1.5 m above ground should be converted to the wind speed measured at 10 m above 

ground. 

𝑣10 = 𝑣 ×
log(

10

0.01
)

log(
𝑥

0.01
)
                                                       (1.7) 

1.4.1.3 Thermally comfortable microclimate environments 

It’s well known that the issue about what kind of environment is really comfortable for 

people has been discussed year after year from indoor thermal comfort studies to outdoor 

thermal comfort studies (Djongyang et al., 2010; Höppe, 2002). Our understanding about 

thermal comfort has been updated with the human development and it seems that we do not 

find the most comfortable thermal environments yet. It perhaps due to that thermal comfort 

only exist in the relative time and space. Nevertheless, researchers have never stopped 

exploring the thermally comfortable environments for better human lives. 

Given the sophisticatedly developed thermal comfort indices, the validation of these 

indices with thermal subjective perception has emerged for confirming the correctness and 

application of indices in different climate zones (Binarti et al., 2020). Additionally, studies 

have been dedicated to define human outdoor comfort and discomfort by scaling these indices 

according to their applicability for particular use (Ahmed, 2003). It is on the one hand to 

establish the outdoor thermal comfort criteria and find the thermally comfortable microclimate 

environments to guide outdoor places design. And on the other hand, it is to provide the 

illustration about further improvement of the current thermal comfort indices. 
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1) “Neutral” or “Comfortable” temperature  

As aforementioned, PET and UTCI are widely applied due to its user-friendly 

characteristics that only microclimatic variables and information of activity level and clothing 

insulation are required for calculation. These microclimatic variables including solar radiation, 

wind speed, ambient air temperature, and humidity can be easily obtained from on-site 

measurements studies. Simultaneously, personal information including metabolic rate and 

clothing insulation could be obtained from questionnaire surveys together with the subjective 

thermal perceptions (Johansson et al., 2014). Therefore, field studies combining on-site 

meteorological parameter measurements and questionnaire surveys have been widely adopted 

in various climatic zones to match the objective indices to subjective thermal perceptions with 

regression analysis (Kumar & Sharma, 2020).  

One of the most cited literatures is that conducted by Lin and Matzarakis, in which the 

methodology for scaling PET index based on the linear relationship of PET bins and surveyed 

thermal sensations is widely used in the following studies (Lin & Matzarakis, 2008). Basically, 

various “neutral temperature”, “preferred temperature”, and “acceptable/comfortable/neutral” 

temperature ranges were determined in studies to indicate the thermally comfortable and 

uncomfortable microclimate environments (Hwang et al., 2010; Li et al., 2020; Liu et al., 2016; 

Yang et al., 2013). However, the constantly evolving definition of “neutral temperatures” 

sparked debate about which sort of “temperature” should be used to describe the comfortable 

thermal condition.  

It is also interesting to note that, these self-defined comfortable temperature ranges varied 

with different studies conducted under specific conditions, climate zones and groups of people 

(Potchter et al., 2018a; Santos Nouri et al., 2018). Although current well-known thermal indices 

have facilitated the quantification of outdoor thermal comfort, it is not adequate enough to 
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explain the subjective thermal perceptions and characterize thermally comfortable 

environments. The reason for this is because thermal perception is governed by complicated 

physical, psychological, and physiological adaption (Li et al., 2020), and these widely used 

thermal indices only reflect the physical impacts and have not taken into account those 

qualitative parameters (De Dear & Brager, 1998). Nikolopoulou et al. found that only 50% of 

subjective thermal perceptions can be explained by environment physical factors 

(Nikolopoulou & Steemers, 2003). The above idea is widely accepted by researchers (Yin et 

al., 2012).  

These researchers investigated how various lives, habits, cultures, tolerances, and 

acclimatization might contribute to disparities in thermal comfort perceptions. (Aljawabra & 

Nikolopoulou, 2010; Huang et al., 2015; Lin, 2009; Shooshtarian, 2019; Z. Zhou et al., 2020). 

Moreover, a few studies combined the factors of moods, clothing, exercise, and urban 

morphology parameters in addition to conventional ones with the thermal indices to 

characterize the thermally comfortable environments (He et al., 2020; Salata et al., 2018; Vanos 

et al., 2010; Zhang, Liu, et al., 2020). Therefore, based on the current literatures, it can be sure 

that determination of thermally comfortable outdoor thermal environments is restricted by local 

climate characteristics, habits and acclimatization of local people. 

2) Scaling  

According to a review of the frequency of thermal index types used in research, the UTCI 

was used in 8% of the cases and the PET was used in 30.2% of the cases (Binarti et al., 2020; 

Potchter et al., 2018b). There are plenty of studies discussing the PET scale in different climate 

zones according to the Köppen classification (Potchter et al., 2018b): A (tropical), B (Hot, arid), 

C (temperate) and D (cold continental/microthermal). UTCI has an original scale (Table 1.1) 

for describing the heat stress from extremely strong cold stress to no thermal stress and 
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extremely strong heat stress, stating that the “The intensity of objective physiological reactions 

to ambient heat stress across a wide variety of weather and climates is used to calculate the 

UTCI” (Potchter et al., 2018b). Several research, however, have attempted to modify the UTCI 

stress categories for different temperature zones and investigate the neutral or comfortable 

UTCI for finding the most comfortable outdoor thermal settings. (Silva & Hirashima, 2021; 

Xu et al., 2019).  

According current studies, despite the original “no thermal stress” temperature range from 

9℃ to 28℃, 100% of the case studies agree the “no thermal stress” temperature range between 

18°C and 23°C. In addition to the “no thermal stress” UTCI range, the 80% acceptable 

temperature UTCI range is from 22.7 to 38.8°C (Binarti et al., 2020). However, when 

considering the which is to assess the usability of outdoor space in the longer term, the 

acceptable UTCI reduced to the range from 22.7 to 30.4°C (Cheung & Jim, 2018).  

Table 1. 1 UTCI equivalent temperatures categorized in terms of thermal stress 

 



 

19 

 

1.4.2 Optimization of microclimatic variables for thermal comfort 

Another important topic in outdoor thermal comfort research is the investigation of all the 

components that impact outdoor thermal comfort. We now know that physical, physiological, 

and psychological variables have a direct impact on outdoor thermal comfort as a result of the 

efforts made in these researches. Among these factors, the physical factors including air 

temperature, thermal radiation, wind and humidity in a microclimate environment are mostly 

studied (Dec et al., 2018). These microclimate variables are on the one hand the fundamental 

factors determining the convective, radiative, evaporative, and respiratory heat exchange 

between the human body and its surroundings. One the other hand, the conditions of these 

variables can be modified by architectures and urban designs. Actually, man’s pursuit for a 

thermally comfortable environment through architecture can date back to ancient times. There 

is an agreement that outdoor thermal comfort can be improved by optimizing microclimate 

variables with urban design strategies (Salata et al., 2017).  

1.4.2.1 The decisive variable-Air temperature 

The assessment of the relative effect of microclimatic elements on outdoor thermal 

comfort is critical to assisting urban planners in modifying a dominant variable, such as 

building form or green infrastructure, to successfully improve outdoor thermal comfort at a 

reasonable cost. (Ali-Toudert & Mayer, 2006, 2007; Hong & Lin, 2015). However, it should 

be noted that due to the different conditions when conducting these studies, these decisive 

variables are not comparable. The recognition of the decisive variables depends on the specific 

issue discussed in the study, as well as the spatiotemporal and personal information of the study. 

Therefore, practitioners at the early stage of urban design should be reminded of the particular 

use of the outdoor places and thus choose the decisive variables to be optimized.  
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1) Impacts  

According to the studies conducted by in Liu et al. (2016) in Changsha, China, Chen et al. 

(2019) in Harbin and Lai et al. (2014) in Tianjin, among the four microclimatic variables, air 

temperature has been identified as the most important one influencing the outdoor thermal 

comfort in a year scale covering various seasons (Lai et al., 2020a). In Liu’s study, the field 

tests were conducted in places where people can freely visit these public spaces from 9:00 am 

to 18:00 pm, and the subjects in the study were randomly reviewed with their thermal 

sensations. In Chen’s study, the field tests were conducted for walking college students in a 

campus with low building density and low building height in three time periods a day, whereas 

the information of subjects’ states during the study were not clarified in Lai’s study. Because 

these tests were done over the course of a year, spanning multiple seasons and temperature 

variations throughout the day, air temperature was found to be the most critical factor in 

predicting outdoor thermal comfort.  

2) Cooling strategies  

According to the guidebook of urban microclimate study published by HKGBC, taking 

actions for reducing the air temperature in the urban area is required the knowledge of heat 

transfer in the urban area, thus the wind environment, radiation environment and evaporation 

environment should be taken into account for exploring the optimal cooling strategy. 

Evaporation cooling is treated as an effective way to take away heat from the environment, 

which is due to the large latent heat of vaporization (2,260kJ per liter of water) (Duan et al., 

2012). To increase the evaporation, providing water features, such as fountains, waterfalls and 

mist prays, in open spaces or landscape areas is effective to reduce the ambient air temperature. 

The air temperature may be reduced by 3-5°C with the fountains and mist prays, and by 0.2°C 
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with the static water feature (Ulpiani, 2019). Currently, by installing green walls and covers on 

panels at open spaces can achieve a maximum reduction in air temperature near the wall by 

1.0°C (Kim et al., 2020). 

Another strategy that the whole world is pursuing is greening. Greening strategy is an ace 

for improving the outdoor microclimate environment by promoting the evaporation, providing 

shading with trees and directing the breezeways through appropriate arrangements. Moreover, 

greening can influence the psychological perception, making pedestrians relax and more 

acceptable to the microclimate environments (Chau, 2016). It is often treated as the reason for 

explaining the wider range of acceptable thermal environments in outdoor places than that in 

indoor areas.    

1.4.2.2 The decisive variable-Radiation 

1) Impacts  

In addition to air temperature, Niu et al. (2015) and Xie et al. (2018) demonstrated that 

wind speed and solar radiation had a significant influence on outdoor thermal comfort in 

microclimate environments. Moreover, there are also studies comparing the relative impacts of 

wind and solar radiation on outdoor thermal comfort for guiding the optimization of wind and 

sun conditions. One group of researchers have indicated that radiation has a higher impact than 

wind on outdoor thermal comfort (Hwang et al., 2011; Tseliou et al., 2016; Xu et al., 2018; Yin 

et al., 2012). The studies of Tseliou et al and Hwang et al were conducted in humid tropical 

cities and the sites for field tests covered a wide range of microclimate environments in cities. 

Xu’s study was conducted in a temperate city, and different like the random subjects in previous 

studies, subjects in this study were enrolled to spend about 3.5h in in a park. Yin’s study was 
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conducted in a subtropical monsoon climate area and the subjects were training students in 

sports fields.  

Despite different group of people with different states in these studies, it’s interesting to 

note that these studies were conducted in cities with hot summer days and subjects in these 

studies had great opportunities to expose to direct solar radiations. It might be the reason that 

more important impacts of solar radiation than wind speed on outdoor thermal comfort were 

observed in these studies.  

2) Reduction strategies 

The complex in urban morphology has made the short-wave radiation and long-wave 

radiation in urban areas variable. Direct solar radiation, which can be sensed directly, is 

significant in outdoor thermal comfort. There is an index called sky view factor (SVF) to 

evaluate the intensity of solar radiation and help to simulate the mean radiant temperature 

around a person (Venhari et al., 2019). The most effective way to block the direct solar 

radiation is to make use of the opaque shading devices, such as covers, tree canopies and 

building shade. 

The shading effects of cover devices at different times of the year are usually studied 

through computational analysis (Dalumo & Lim, 2021). When planting trees in a frequently 

accessed outdoor place for outdoor thermal comfort, effectiveness of trees for blocking solar 

radiations depends on the crown size and leaf density. The common strategies for blocking 

solar radiation in urban forest are colonnade and cantilever structures, as well as the shade 

openness by building blocks. According to the function and usage of an outdoor place, it can 

be located in the shaded areas by building blocks based on the solar trajectory and building 
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dimensions including height (H) and width (W). Sometimes, the ratio H/W is an indicator to 

evaluate solar radiation conditions in urban areas (Galal et al., 2020). 

In many cases, the cooling effects are not significant if only the direct solar radiation is 

blocked. Imagining that when we walk in a community with dense and high buildings on 

summer days, we still feel uncomfortable even the direct solar radiation has been blocked by 

buildings. It is due to the high surface temperature of ground and surrounded structures that 

influence the radiative heat transfer. Therefore, reductions in the surface temperature of the 

ground and surrounding building structures can help reduce heat stress on the pedestrians (Erell 

et al., 2014). 

The strategies to reduce surface temperature include 1) applying cool materials with an 

albedo index of at least 0.4 for outdoor ground surface; 2) applying the green walls on building 

facades; 3) applying the light-colored surface paint; 4) optimizing the SVF for reducing direct 

solar radiation in daytime and promoting the heat radiation to sky from the ground surface in 

night.  

3) Mean Radiant Temperature 

Mean radiant temperature (Tmrt) is the most essential meteorological input parameter for 

calculating radiant heat gains/losses, which have a significant impact on human energy balance 

in outdoor environments (Kruger et al., 2013). Höppe (1992) proposed the most accurate 

method for determining Tmrt, which was later named as the six-directional method by Kantor 

et al. (Kántor et al., 2015). It is an experimental approach for measuring short-wave and long-

wave radiation emitted from the entire three-dimensional environment. The three-dimensional 

environment is appropriately defined by six directions, i.e., the upper, lower, and four cardinal 
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directions. This method is by far the most precise and reliable method, and using gathered 

short-wave and long-wave irradiance data, Eq. (1.8) may be used to compute Tmrt. 

𝑇𝑚𝑟𝑡 = √∑
𝑊𝑖(𝛼𝑘𝐾𝑖+𝛼𝑙𝐿𝑖)

𝜀𝑝𝜎
6
𝑖=1

4
− 273.1                                          (1.8) 

where, 𝜎  is Stefan-Boltzmann constant and equals to 5.67 ∙ 10−8  (W/m2k4), 𝛼𝑘  and 𝛼𝑙 

represent the absorption coefficients of human in normal dressing for short-wave and long-

wave radiation, which can be respectively assumed as 0.7 and 0.97 (Huang et al., 2017). 𝐾𝑖 

and 𝐿𝑖  are shortwave and longwave irradiance, respectively. 𝑊𝑖  is the angular factor 

between human and the ambient environment. For a normal standing person, 𝑊𝑖 = 0.06 in 

the two vertical directions upper and lower, and 𝑊𝑖 = 0.02 in the four horizontal directions 

(Xie, 2020). 

The use of a globe thermometer which was developed initially for indoor measurements, 

is an alternate and easier approach for calculating Tmrt (Thorsson et al., 2007). It may be 

computed using either the global temperature or the six-directional short-wave and long-wave 

irradiance. The determination of Tmrt values is on the basis of the standard globe (Kántor et al., 

2015). The standard black globe thermometer comprises a sensor in the center of a matt black-

painted hollow copper sphere with an emissivity (ε) of 0.95, a diameter of 150 mm, and a wall 

thickness of 0.4 mm (Kántor et al., 2015). Tmrt can be calculated with Eq. (1.9) using collected 

globe temperature data 

𝑇𝑚𝑟𝑡 = [(𝑇𝑔 + 273.15)4 +
1.10×108×𝑣0.6×(𝑇𝑔−𝑇𝑎)

𝜀𝐷0.4
]
1/4

− 273.15                        

(1.9) 
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where Tg is the globe temperature (℃); Ta is the air temperature (℃); v is the wind speed (m/s); 

D is the black globe diameter; for a standard black globe sensor, the emissivity (𝜀) of the globe 

was adjusted to 0.95.  

These two methods have been compared in various studies, suggesting that the method 

using 6-directional irradiation is most accurate. Considering that net radiometers might 

sometimes be not easily available, the mean radiant temperature calculated with globe 

temperature can be calibrated using that calculated with 6-directional irradiation by linear 

regression analysis. (Johansson et al., 2014) 

1.3.2.3 The decisive variable-Wind 

1) Impacts  

The other group of researches revealed that wind played larger roles on influencing 

outdoor thermal comfort than solar radiation. In Walton’s study (2007), participants were tested 

about their thermal comfort in Wellington New Zealand and explained that the greatest effect 

of wind on outdoor comfort in the study was resulted from the combined influence of Wind 

gustiness and mean instantaneous wind speed. According to the Kruger’s study (2012), an 

equivalent air temperature change due to the change in wind speed and solar radiation was 

proposed, and effects of the change in wind speed were the strongest. The study inspired the 

cooling strategies of indirectly amplifying the wind speed and reducing solar radiation. 

In Metje’s study (2008) conducted in Bermingham, UK, more impacts of wind speed on 

outdoor thermal comfort were explained by subjects’ more exposure to relatively large wind 

speed and lower air temperature, as well as relatively weak solar radiation. However, according 

the recent study conducted by Xie et al. (2018) in Hong Kong, in hotter settings or under low-

radiation settings, college students were more sensitive to changes in wind speed. These results 
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revealed that the recognition of the decisive variable depends on other variables, in another 

word the features of microclimate in outdoor places. 

Wind speed can influence the convective heat loss and evaporative heat loss from both 

urban area and the human body, thus reducing the heat cumulated within the urban canopy and 

in the human body (Zhang et al., 2021). Moreover, in recent studies, wind turbulence is verified 

to also bring cooling effects and influence the convective heat transfer coefficients (Yu et al., 

2021).  

2) Amplification strategies  

Considering the significance of wind that takes away the heat cumulated within the urban 

canopy and relieving the urban heat island, plenty of researchers have explored the method to 

amplifying the urban ventilation by managing site planning and building design. These studies 

were completed with the help of CFD simulations and wind tunnel methods (Edward Ng, 

2009b).  

Breezeways including major breezeways and minor breezeways are vital for urban 

ventilation (Edward Ng, 2009a). Major breezeways can be achieved by manipulating layout 

massing in a site; allowing for open areas and gaps (at least 15m width) within the building 

areas for better wind penetration; and arranging the building blocks so the longitudinal axis is 

parallel to the prevailing wind direction for enhancing the wind permeability (Alznafer, 2014).  

In addition to creating breezeways by suitable site planning, the building design stage 

allows for wind penetration through the development by improving building block 

permeability. These building designs are characterized with a podium and a tower imbedded 

in a building, which is widely applied in compact sites with limited space for ventilation-

improved site planning (Du et al., 2017; Liu et al., 2019; Tse et al., 2017; Yuan & Ng, 2012). 
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Permeable tower design strategies are characterized with 1) creating openings (3m*3m) in 

building facades for increasing wind penetration through buildings; 2) creating sky gardens for 

facilitating wind penetration and providing comfortable environments for users; and 3) 

reducing the building frontage areas for smoothing ventilation. Permeable podium design is 

characterized with its advantages for providing pleasant wind to pedestrians during hot summer 

days. The morphology of podium design includes 1) ventilation bay (3m*3m) at the ground 

level of the building blocks; 2) relatively small size of podium designs; 3) semi-outdoor spaces 

(lift-up buildings) with large permeability at the ground and locate enclosed spaces higher up. 

The cooling effects of the lift-up buildings have been widely studied in subtropical climate 

regions like Hong Kong and Guang Zhou (Huang et al., 2017; Zhang, Liu, et al., 2020). 

Aside from amplifying ventilation by urban planning and building design, it is possible to 

apply the ceiling fans in public outdoor places for adjusting the wind environments. Studies on 

the applicability of fans in outdoor places for cooling are seldom even though the diversion 

fans have been applied in some semi-outdoor places in Singapore. According to an indoor 

research, the most pleasant thermal state, with the thermal sensation closest to neutral, is 

attained at a room temperature of 26 °C with working fans (Lipczynska et al., 2018).  

1.4.3 Dynamic outdoor thermal comfort  

1.4.3.1 Dynamic features  

What comes to mind when we think of a scenario of planning to go to a park for a picnic 

by walking on hot summer days. We may encounter a changing solar radiation from the sun 

that makes us feel hot and cool, a fluctuating wind that brings cool feeling intermittently, and 

even a changing air temperature if we go through indoor transition spaces. Therefore, in this 

process, in addition to the stronger solar radiation and air velocity than those in indoor 
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environment, we will experience asymmetric and changing radiation field, unstable wind 

velocity and extensive fluctuations of temperature and humidity, which are the significant 

characteristics of outdoor thermal environment.  

The variety of microclimatic variables in outdoor environments is on the one hand resulted 

from the diverse urban geometries, which has been discussed in the Section 1.3. According to 

early research done by Ouameur and Potvin (2007), wind and solar radiation are the key 

elements credited for fluctuations in outdoor thermal comfort in any given period, resulting in 

a broad variety of environmental diversity combinations (Vasilikou & Nikolopoulou, 2020). 

One the other hand, the dynamic character of the outdoor thermal environment is a result of 

the changes that people experience as they travel through the urban forest, for example walking 

or biking to shops, public transports, office and schools (Lai et al., 2020a). The sequential 

character of interconnected spaces and the diversity of microclimate environments experienced 

by people thus promote the dynamic perceptual mode outdoors (Ouameur & Potvin, 2007).  

The outdoor thermal comfort under such dynamic mode is treated as dynamic outdoor 

thermal comfort. It has been defined as a state of ‘mixed' comfort that may be attained (for 

example, during exercise or during environmental transients) when internally born ‘warnings 

of hot' from raised central temperature are balanced by ‘warnings of cold' from thermo-

receptors in the skin. (Fiala & Lomas, 2001). Such "mixed" comfort is sometimes referred to 

as alliesthesia: if a person's thermal state is displaced from its set point, external thermal 

environment stimuli that minimize this displacement are seen as pleasant (Lai et al., 2020a). 

Basically, the varying microclimatic variables can be regarded as stimuli due to their short 

action time on human body. The study on dynamic thermal comfort aims to study the effects 

of these stimuli on psycho-physiological thermal responses and thermal adaptation of people, 

as well as the utilization of these stimuli effects.  
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Under dynamic conditions, thermal sensation change with time affects thermal comfort 

significantly. Well-organized tests indicate that the human body is more sensitive to cold than 

warm (Golja et al., 2003) and the consequent benefit for energy saving by providing a dynamic 

environment with varying air temperature or air movement in a warm setting is described 

(Zhang & Zhao, 2009). Hagino et al. (Hagino & Hara, 1992) discovered that body areas that 

are immediately exposed to wind and sun radiation dominate the total temperature feeling.  

1.4.3.2 Wind turbulence  

The fluctuation of wind speed was conventionally represented by the turbulence, whose 

effects have long been recognized to cause draught in indoor settings (Xie, 2020). Later, due 

to the nature ventilation indoors, researchers found the pleasant cooling effects of wind 

turbulence in warm-than-neutral indoor environments (Yu et al., 2021). The warmer the indoor 

environment, the more cooling effects of turbulence wind brings. Wind turbulence was found 

to overcome the air conditioning maladjustment and large energy cost resulted from the steady 

state air conditioning environments (Xia et al., 2000). Moreover, Zhou’s study (2020) 

demonstrated that the turbulent intensity had a great influence on subjective thermal sensations 

indoors. The skin temperature of various local segments will fluctuate due to wind turbulence, 

and therefore perception shifts in the pleasantness or unpleasantness of a stimulus based on 

one's internal condition, which may be explained by alliestesia. (Yu et al., 2021).  

1) Turbulent intensity and heat transfer  

Mayer's test using a manikin head revealed an increase in heat transfer as turbulence 

intensity (TI) increased over 40% (Arens et al., 2013). Griefahn et al. (2000) indicated that skin 

temperature variations across turbulence levels were nearly indistinguishable from 

measurement error at velocities ranging from still air to 0.5 m/s. Wang et al. (2011) indicated 
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that when the mean wind velocity surpassed 0.3 m/s, the difference in skin temperature 

decrease at local locations only became apparent within turbulence intensities from 15% to 

30%. Meanwhile, a recent investigation in which a thermal manikin was subjected to a range 

of outside air velocity (0.7–6.9 m/s) indicated that neglecting turbulence intensity of 30% 

resulted in convective heat transfer at the manikin's skin surface being overestimated by up to 

50% (Yu et al., 2021). 

 More recently, Zou et al. (2021) conducted a large-scale experiment to determine the 

impact of wind velocity and turbulence intensity on the convective heat transfer coefficient. It 

was discovered that when the turbulence length scale increased, the convective heat transfer 

coefficient of a circular cylinder dropped gradually after reaching its maximum. For the 

declining section of the Nusselt number-turbulence length scale curve, Sak et al. (2007) 

suggested a connection between the Nusselt number and turbulence length scale. 

2) Turbulent intensity and thermal perception  

In terms of the relationship between wind turbulence and thermal perception, Fanger and 

Pedersen (1977) first indicated the draft effects of wind turbulence and wind speed and found 

air velocity fluctuations with frequencies between 0.3 and 0.5 Hz were the most unpleasant 

(Kang et al., 2013). However, Xia et al. (2000) explored the cooling effects of wind turbulence 

in a warm-biased environments and found that airflow fluctuating in the frequency range of 

0.3–0.5 Hz could reduce thermal sensation and bring comfort. Ouyang et al. (2006) investigated 

the human sensibility for warm airflow within the low frequency range of 0.01–1.0 Hz, 

focusing on the low frequency components as the key factor influencing human sensation. 

Recently, Yu et al. (Yu et al., 2021) also confirmed that the increased turbulence intensity 

enhances perceived coolness by lowering the skin temperature. According to Huang et al. 
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(2012), the correct use of airflow fluctuation frequency may counteract the 2 °C temperature 

rise from 28 °C to 30 °C. 

1.4.3.3 Asymmetric and changing radiation filed 

In early studies, the study on the radiation field focused on its asymmetric nature which 

is resulted from the different radiation sources in indoor settings (Halawa et al., 2014). In 

addition to the symmetric radiation filed in outdoor environments, the changes in solar 

radiation due to various building morphologies, green infrastructures and even cloud are very 

common when conducting outdoor activities in daytime. There are relatively few studies 

focusing on the impacts of single change in solar radiation on outdoor thermal comfort.  

Hodder and Parsons (2007) discovered that when simulated solar radiation (rather than 

real solar radiation) increased by 200 W/m2, the thermal sensation vote increased by one unit. 

Shimazaki et al. (2011) studied the effects of change in solar radiation in from sunshine to 

shade and vice versa. They have explored that the both sensitive and latent heat changed 

dramatically due to the changes in amount of solar radiation, which furtherly affected thermal 

comfort.  

According to Lai et al. (2017a), large variations in wind speed and solar exposure induced 

rapid changes in convective and radiative thermal loads, which influenced the mean skin 

temperature of the human participants and the thermal sensation that they reported. Zhou et al. 

(2020) explored the thermal feeling for the driver in a passenger vehicle with rapidly shifting 

sun radiation was addressed, and the sudden change in solar radiation was treated as a major 

predictor of thermal comfort. Similar to the driving car, fluctuating solar radiation is also 

frequently encountered in pedestrian walking through the urban forest.  



 

32 

 

1.4.3.4 Transient step change in temperature  

The air temperature settings vary in different places indoors and outdoors. Therefore, 

people are likely to experience air temperature step changes when walking through indoor and 

outdoor transition spaces, which creates a kind of dynamic environment. Several prior 

investigations have looked into the transitory thermal effect of one or two temperature step 

shifts. (Chen et al., 2019; De Dear et al., 1993; Gagge et al., 1967; Ji et al., 2017; Xiong et al., 

2015; Xiong et al., 2016). These tests were carried out either in an environment chamber with 

varying temperature settings or between the inside of a building and an outside location. Most 

of designed exposure period to one air temperature was longer than 30 min. It is to explore the 

physiological and psychological thermal responses to the sudden change in air temperature 

under steady state and the time needed for achieving another steady state after step changes 

(Chen et al., 2019; Huang et al., 2020; Katavoutas et al., 2015; Yu et al., 2015).  

Gagge et al. (1967) were the first to define thermal sensation overshooting as a 

phenomenon that occurs when a human body moves from a warm to a neutral environment, 

and from a neutral to a warm or cold environment. Moreover, the temperature step change 

magnitude, direction and initial state have significant impact on human response and led to 

either overshooting or hysteresis in thermal responses after step changes (De Dear, 2011; De 

Dear et al., 1993; Xiong et al., 2015; Yu et al., 2015). Due to different step change magnitude, 

an exposure time at least 10 min is required for approaching thermal steady status after step 

changes (Chen et al., 2019; Krüger et al., 2017; Liu et al., 2014; Xiong et al., 2015; Xiong et 

al., 2016), whereas compared to physiological responses, the subjective thermal sensations tend 

to stabilize faster.  

Höppe previously claimed that steady-state thermal comfort models are only relevant for 

individuals who had been outside for more than 30 minutes after leaving a shaded section of a 
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sidewalk (Höppe, 2002). The result was also reported by other studies that transient effects of 

step changes in air temperature were not taken into account in steady-state thermal comfort 

models. (Fiala et al., 2003; Höppe, 2002; Ji et al., 2019; Lai et al., 2020b) 

As pointed out by Wu and Mahdavi (2014), ignoring transitional state thermal assessment 

procedures may result in incorrect temperature settings, inefficient thermal controls, and poor 

thermal comfort conditions. Zhun et al (2015) have explored the use of these transitory effects 

for energy efficient thermal comfort in briefly occupied space. By taking into account the 

thermal pleasure sensation and overshoot after moving form a hot and humid outdoor 

environment to a transition place or temporarily occupied space, the design temperature range 

in transition places can be elevated.  

1.4.3.5 Temperature cycles  

In addition to step changes in air temperature, there is also a cyclical temperature change 

induced by demand response activated smart thermostats in buildings, which is treated as 

another kind of dynamic environment (Vellei & Le Dréau, 2019). The term "cyclical 

temperature change" refers to periodic increases and decreases in the interior temperature. As 

a result of the effects of thermal habituation and adaptation, exposures to cyclical temperature 

fluctuations elicit behaviors that are not seen during single step-change exposures.  

According to Zhang's experiment (2014) under the high rates of temperature change 

(30°C/h) had a positive impact on occupant’s thermal comfort. To evaluate the dynamic 

thermal comfort under such cyclical temperature changes, Vellei et al. (2019) combined the 

static thermal comfort model with transient (hedonic and adaptive) component which is 

produced in cyclical modulations. The study provides inspirations for the study on dynamic 
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thermal comfort in outdoor environments with frequent or regular changes in microclimatic 

variables. 

1.4.3.6 Dynamic thermo-physiological responses  

1) Dynamic heat balance 

The early research on thermal comfort were based on the heat balance model of a 

supposedly neutral human body with minimal perspiration. Heat balance is defined as the heat 

created by the inner body equaling the heat exchanged between the body, the surrounding 

environment, and heat stored inside the body (Gagge & Gonzalez, 2010):  

𝑀 −𝑊 = 𝑅 + 𝐶 + 𝐾𝐷 + 𝐸𝑅𝑒 + 𝐸𝑆𝑤 + 𝑆                                     Eq. 

(1.10) 

where:  

M: heat generation due to metabolism, W/m2;  

W: external mechanical, W/m2;  

C: convective heat exchange, W/m2;  

R: radiative heat exchange, W/m2; 

𝐾𝐷: conductive heat exchange, W/m2;  

𝐸𝑅𝑒: evaporative heat exchange from respiration, W/m2;  

𝐸𝑆𝑤: evaporative heat exchange from sweating, W/m2; 

𝑆: thermal load, W/m2. 
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This heat balance theory is applicable in steady thermal environments with unchanged 

physiological parameters in human body. However, since the outside environmental factors 

such as sunlight and shade, air temperature, wind speed and direction, and wind direction are 

extremely changeable and complicated, the body's heat balancing system is similarly variable 

and complex (Zhang, Zhou, et al., 2020), leading to its limited application in dynamic outdoor 

environments (Staiger et al., 2019). 

According to the study of Simone et al. (2011), the lowest energy consumption rate was 

linked with thermal sensation votes near thermal neutrality, but erring slightly on the cold side 

in unstable thermal conditions. Basically, the human brain determines thermal neutrality when 

the human body consumes the least of energy. Wang et al. (2018) found that as there is a 

sweating process, the proportion of latent heat loss in total heat loss will be increased and 

sensible heat loss will be decreased. This change in ratio of heat losses can lead to an increased 

thermal sensation regardless of whether human body are in thermal balance.  

2) Dynamic sweating rate 

It has been reported that the evaporative heat loss from sweating is conductive during 

daily outdoor activities in hot summer days. Therefore, sweating is the most essential indicator 

to evaluate outdoor thermal comfort, especially in hot-humid climate regions. When going to 

outdoors from indoors, there is a dynamic sweating process which is called ‘reverse 

evaporation’ (Kakitsuba et al., 1988). Sweating rate and evaporation rate gradually increase 

firstly, and water vapor is then accumulated in clothing microenvironment. As clothing 

microenvironment is fully saturated with water vapor, evaporation ceases while sweating 

continues, and sweat is absorbed in clothing gradually. Finally, evaporation takes place on the 

clothing surface instead of the skin.  
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In addition to the traditional method to measure total sweating rate by weighting body 

mass before and after a laboratory experiment, technical absorbent (TA) and ventilated capsule 

(VC) are convenient for measuring sweating rate of local body part. The measurement accuracy 

of these two methods has been compared in study of Morris. et al (2013), and the TA technique 

was shown to be a valid alternative for determining the sweating rate through the skin surface 

in both non-steady and steady states. Therefore, TA method is applicable and user-friendly in 

measuring sweating rate in dynamic outdoor environments.  

The studies concerning about local sweating rate were mostly related to exploration of 

clothing materials, the relationship between local sweating rate and local skin temperature, and 

the difference in sweating rate between females and males, together with the calculation of 

body evaporative heat loss. A recent study conducted by Wu et al. (2020) indicated that the 

human sweat was positively correlated with metabolic rate, ambient temperature, and clothing 

insulation. Moreover, based on finding of Smith et al. (2011), the variation of local sweating 

rate cannot be explained by local skin temperature and does not relate to local sweat gland 

densities. It is also reported by Havenith et al. (2008) that males had greater local sweating rate 

in the mid-front, sides and mid lateral back compared to females, as well as the surface 

weighted average of all tested local parts during exercise. It was explained by that male 

producing greater metabolic heat than female. In spite of the results, the “high” or “low” 

distributions of sweat on different body parts were similar for both male and female. 

3) Dynamic skin temperature  

Well-known is that the skin temperature distributes unevenly for different body parts, and 

the non-uniform thermal environments mostly contribute the inhomogeneous distribution of 

skin temperature (Zhang, 2003). Additionally, it is the most intuitive indication of heat 

exchange inside the body's thermoregulation system and between the human body and the 
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surrounding thermal environment, and may also indicate the person's thermal state. Skin 

temperature is supposed to vary in response to variation of the thermal environment, making 

skin temperature and its change rate the primary indications of dynamic outdoor thermal 

comfort (Lai et al., 2017b; Yao et al., 2008). Until date, the three key parameters for predicting 

thermal sensation/comfort in steady/unsteady and uniform/non-uniform thermal conditions 

have been the local skin temperature, the rate of change in skin temperature, and the mean skin 

temperature. 

Additionally, skin temperatures were deemed to be more essential for initiating the 

majority of thermoregulatory actions than deep core temperatures, while deep core 

temperatures were deemed to be more relevant for driving autonomic responses (Romanovsky, 

2014; Xie, 2020). Therefore, in addition to the appeared skin temperature and its change rate, 

many studies pay attentions to the critical value of skin temperature that could trigger a signal 

of thermo-regulation process (Cabanac et al., 1972). It is supposed that the deviation of the 

actual local skin temperature from this reference skin temperature can indicate the intensity of 

thermo-regulation systems within the body.  

This reference skin temperature was determined in thermal neutral status and it has 

another name of neural skin temperature. Olesen and Fanger (FANGER et al., 1980) measured 

the local neutral skin temperature and determined neutral mean skin temperature of 33.6±0.5℃. 

In many other studies, this neutral mean skin temperature was also defined as 34.0℃. 

According to study of Lai et al, they defined the neutral mean skin temperature as 32.73℃ for 

outdoor settings, which was obtained when subjects voted for neutral thermal sensation in 

experiments (Lai et al., 2017b). Recently, Xie et al. adapted this neutral skin temperature to a 

wider range (“null zone”) from 29.1℃ to 34.2℃ in outdoor settings, which was also 

determined when subjects subjectively felt neutral in outdoor environments (Xie et al., 2020). 
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By adopting this “null zone” to Zhang’s thermal comfort model, the accuracy of thermal 

sensation prediction was significantly increased.  

1.4.3.7 “Alliesthesia”—Dynamic thermo-psychological responses  

The conception that thermal comfort in outdoor places is significantly affected by 

psychological environments in addition to physical and physiological environment has been 

widely accepted by researchers. As a result, it’s more challenging to study and determine 

outdoor thermal comfort due to its complicated relationship with thermal environment history 

(culture background and experience of hot and cold environments), thermal preference, 

expectation of environments, active body heat control or behavior and exposure time. It seems 

that still many unknown elements may impact outdoor thermal comfort by firstly adjusting 

thermal adaption in outdoor places.  

As focusing on the outdoor thermal comfort in environments with rapidly changing 

microclimatic variables, the conception of “alliesthesia” is widely applied to explain various 

phenomenon. It happens as a consequence of an increase or fall in the deviation of certain 

regulated variables from their set point, and is thus considered a dynamic indicator (De Dear, 

2011). The outdoor thermal environment varies over time, increasing or decreasing the 

departure from the set point without significantly affecting thermo-regulation progress, thus 

causing the positive or negative “alliesthesia” effect. In other words, "alliesthesia" is the state 

in which the degree of relative change in subjective thermal reactions surpasses the degree of 

change in physical or physiological responses, which is defined by the ambiguity nature. 

Currently, temporal “alliesthesia” effect has been widely discussed, whereas the special 

“alliesthesia” effect is seldom discussed (Lai et al., 2020a). 
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Although “alliesthesia” effect can interpret thermal phenomenon in dynamic thermal 

environments, there is still a limited understanding of it. It is because that there are potential 

factors, such as change direction, exposure time in previous variable, change rate of a variable, 

habituation/adaptation to dynamic environments and expectation, that influence the 

“alliesthesia” effect have not been comprehensively discovered, as well as the mechanism of 

these influences (Parkinson et al., 2012). Additionally, whether “alliesthesia” effect and 

dynamic environments themselves can influence the comfort zone under steady-state is not yet 

clearly shown, as well as the preferred dynamic environments.   

1.4.3.8 Dynamic thermal comfort models 

As introduced in above sections, people are often exposed to sudden changes in solar 

radiation, wind speed and air temperature in their daily lives. Given that existing steady-state 

thermal comfort models do not account for the impacts of abrupt changes in a person's thermal 

response, much work has been expended creating dynamic thermal comfort models. The 

popular efforts are exploring subsequential factors determining dynamic thermal comfort, or 

modifying the coefficients of an original factor for being applicable in special or general issues.   

Stolwijk and Hardy (1971) created a thermo-physiological human multi-segment model 

that remains the foundation and inspiration for many additional thermo-physiological or 

thermoregulation human models to this day (Katic et al., 2014). These models simulate a person 

in a dynamic indoor environment and forecast high-resolution skin and core temperatures. 

Thermal perception models are created by regressing measured thermal sensation and/or 

comfort votes against predicted or observed physiological variables. Sometimes, the non-

uniform thermal environments with inhomogeneous variables and environments with 

fluctuating microclimate variables with time were all treated as dynamic thermal environments. 

Basically, there are many models predicting transient or dynamic whole-body thermal comfort 
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under uniform environments (Cheng et al., 2012). The other type of model, such as Zhang’s 

model, is capable to predict both whole-body and local thermal comfort in non-uniform settings 

(Zhang, 2003).  

The Fiala-UTCI model connected thermo-physiological parameters and thermal sensation 

response numerically (Fiala, 1998). It was designed to work under a variety of temperature 

conditions, both steady and transient. As shown in Figure 1.1, the UTCI model included two 

systems, passive and active, and split the human body into 20 spherical and cylindrical 

segments, and a ring of bone, muscle, fat, inner skin, and outside skin formed each segment. 

The passive system was concerned with heat transmission through passive blood flow, while 

the active system addressed the central nervous system's thermoregulatory reactions to an 

external thermal stimulus, which included shivering, sweating, vessel dilatation, and vessel 

constriction (Xie, 2020). 

   

Figure 1. 1 The passive system of Fiala model (Bröde et al., 2013) 

Lai dayi thermal loadWhen focusing on the input variables for predicting dynamic outdoor 

thermal comfort, there are constant studies exploring factors that significantly influence 

dynamic thermal comfort. In addition to the conventional skin and body core temperature and 
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their change rate within a certain period, Lai et al. found that thermal load plays the significant 

roles in affecting dynamic outdoor thermal comfort (Lai et al., 2017b). Recently, Zhou et al. 

(2019) presented a novel thermal sensation model that took into account the change in the 

driver's thermal load induced by a rapid shift in sun radiation. For improving models applicable 

in non-uniform environments, Xie et al. (2020) found that skin temperature of forehead was 

dominant when determining overall thermal sensations based on local body temperature.  

Moreover, there are also various studies adapting the steady-state models to dynamic ones. 

A research team of Niu et al. (2020; 2021) recently studied the thermal comfort in dynamic 

thermal environments by uncovering the impacts of wind turbulence on convective heat 

transfer. It is explored that the convective heat loss increases with turbulence intensity 

(Ferroukhi et al., 2017), which is essential for predicting dynamic thermal comfort based on 

heat balance theory under fluctuating wind conditions. Moreover, wind turbulence was 

formally introduced as the critical factor on influencing outdoor thermal comfort by changing 

skin temperature. Gagge’s two-node thermo-physiological model with updated convective heat 

transfer coefficient showed better mean skin temperature prediction, which may improve 

dynamic outdoor thermal comfort prediction furtherly (Yu et al., 2021).  

Melnikov et al. (2018) have updated Gagge’s two-node thermo-physiological model for 

evaluating dynamic thermal comfort by modifying the skin blood flow model and embedding 

it into Gagge’s two-node. The updated model is proved accurate due to its dynamics and it is 

more efficient than multi-segment thermo-regulation model. Vellei (2019) proposed a novel 

predicted percentage of dissatisfied (PPD) model by integrating a static (Fanger’s predicted 

mean vote model-based) component and a transient component which was represented by 

alliesthesia and adaptive effects. The model is applicable to predict thermal comfort under 

demand response induced dynamic environments.    
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1.4.4 Thermal walks in urban continuum  

For citizens in Hong Kong, the most popular commuting modes are public transports and 

walking, among which walking is economical and benefit for health. It is reported that at least 

30 minutes of moderate aerobic exercise in five days a week was recommended for healthy 

people (Haskell et al., 2007). However, for busy citizens in Hong Kong, time for exercise is 

luxurious, thus they prefer to treat the daily walking as a health exercise and a good way for 

relaxing. This idea was indicated by Yoshiro Hatano first, suggesting that walking 8,500 or 

9,000 steps a day is a good exercise and is benefit for health (Tudor-Locke, 2003). Although 

this finding is contentious, it is easily attainable by most citizens without taking extra time for 

exercise. More recently, it is reported that exercise fitness effect depends on the length of time 

walking, more than 30 minutes to reach a slight exercise (Meyer et al., 2016). This slight 

exercise by walking can significantly refresh the whole person and make body more 

comfortable and appropriate.  

However, the ideal is fullness, the reality is very skinny. The worse thermal conditions in 

urban areas block the outdoor walking at a certain degree and make walking outdoors an 

uncomfortable experience, which is instead unhelpful for both physical and mental health. It’s 

urgent to make daily walking routs or popular routs more comfortable by modifying or 

designing the urban morphology. In view of this, some researchers have begun to estimate the 

thermal comfort for pedestrians in movement and explore the factors in urban areas influencing 

the thermal comfort during walking.  

As introduced in the above sections, complex in variations of microclimatic variables is 

more likely resulted from the movement. While walking, the disrupted surrounding airflow is 

most noticeable, resulting in changes in sensations to the air temperature and air movement. 

Additionally, due to the complex in urban geometrics, Ouameur et al. (2007) showed that there 
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is a dynamic perceptual mode of the urban continuum produced when walking between urban 

spaces. In such urban continuum, wind and sun radiation are the primary variables influencing 

outdoor thermal comfort at any given time, resulting in a diverse variety of environmental 

combinations and a complex series of perceptual experiences for persons walking.  

In terms of the current studies on walking thermal comfort, Vasilikou et al. (2020) 

investigated the special change in thermal environment outdoors using a technique called 

"thermal walks" that analyzes pedestrian thermal perception via a study of the metropolitan 

climate and spatial morphology. It is reported that spaces in sequence significantly affect 

dynamic thermal perceptions of pedestrians. Moreover, walking along with the variety of urban 

form diverse the thermal sensations. Lau et al. (2019) also investigated how sensations varied 

throughout a walking path in urban areas and how these areas affect the sensations. Thermal 

sensations experienced when walking in an urban continuum were linked with participants' 

short-term thermal experiences (2-3 minutes). In another word, there is a possible special 

alliesthesia effect of urban geometry on thermal sensations of pedestrians.   

Despite many studies contributed to the walking thermal comfort, what kind of dynamic 

environment in urban forest and what is the optimal urban continuum are not realized yet. 

According to the study of Vasilikou et al. (2020), to evaluate comfort when walking, it is 

necessary to consider spaciotemporal changes feature, as well as thermal adaptation. Due to 

the alternative unpleasant and pleasant feelings brought by microclimatic stimulus and the 

varying metabolic rate during walking, the study on walking thermal comfort in the urban 

continuum is more complicated. This research field adds to our knowledge of how to provide 

a more pleasant thermal experience for individuals who like to stroll for relaxation and to the 

development of multimodal, healthy urbanism concepts. 
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1.5 Research gaps, objective and significance  

1.5.1 Research gaps and significance 

Outdoor thermal comfort is one of the most critical factors that influences the engagement 

of outdoor activities which are benefit for both physical and mental health. Increased 

consciousness about global warming and urban heat island effects have attracted researchers’ 

and urban designers’ attentions to look for or create thermally comfortable outdoor 

environments, not only for citizens to enjoy outdoor times, but also fighting against climate 

change. However, there might be no strict definition of comfortable environments especially 

for outdoors. We are more like searching for a spring-like environment with gentle breeze, mild 

sunshine and temperature that can bring us constant pleasant feelings. Additionally, outdoor 

thermal comfort studies are conducted under a microclimate scale whose diversities were 

mainly resulted from various radiation filed and wind filed created by local building 

environment and climate. In view of this, this thesis focuses on the outdoor thermal comfort 

study in the perspective of microclimatic radiant and wind conditions and exploring optimal 

combinations of them for thermal comfort. Four important issues/questions are addressed in 

this thesis.  

    1. What are sun and wind perceptions, and how do these perceptions influence the thermal 

evaluation against UTCI and comfort strategy?  

2. Whether UTCI can reflect the decisive variables for thermal sensation, and how to 

optimize the decisive variables for thermally comfortable environment? 

3. How to predict thermal comfort with a revised UTCI under frequent cool-biased and 

hot-biased cycles and how to take advantages of these cycles for comfort at design stage? 



 

45 

 

4. What are pedestrians’ thermal responses to the fluctuating wind and solar radiation, and 

what are the suggested combined fluctuation of wind and solar radiation for comfort? 

5. How to develop a model or a metric to predict dynamic outdoor thermal comfort 

considering impacts of fluctuating wind and solar radiation together with physiological-

psychological responses? 

The first- and second-parts answering question 1 and question 2 of this thesis concentrate 

on thermal comfort when people spending a certain time period with low metabolic rate in an 

outdoor place, saying more than 15 minutes to help the body reach steady state. In the first part, 

based on the conception of both physio-psychological factors affecting outdoor thermal 

comfort, a single temperature index which was developed based on thermo-regulation model 

is insufficient to represent actual human thermal sensation. Besides, considering that most of 

comfort strategies are designed for improving wind and radiant environments due to the 

difficulty of directly modifying air temperature outdoors, a single temperature index is unable 

to provide information about how to effectively implement these strategies. Therefore, the 

understanding of desired and acceptable sun and wind conditions is on the one hand helps UTCI 

better anticipate thermal comfort, and on the other hand suggest urban designers when to 

deploy comfort strategies to successfully satisfy users. 

In the second part, firstly, none existing studies compared the sensitivity of UTCI and that 

of measured thermal sensation to meteorological and personal parameters. UTCI is the 

temperature reflect the physiological responses including skin and hypothalamic temperatures, 

whereas measured thermal sensations reflect the both physiological and psychological response 

to physical environments. Therefore, the discrepancy between UTCI-evaluated physiological 

responses and physio-psychological reactions as represented by measured thermal sensation is 

unclear. Besides, due to few studies furtherly validating or updating the thermo-regulation 
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model behind UTCI in outdoor studies, it’ not certain whether the model is applicable for 

predicting physiological responses outdoors. Therefore, this deviation is critical for predicting 

outside thermal comfort accurately and demonstrating the improvement aspects of the thermo-

regulation model. 

Secondly, in spite of lots of comfort strategies by modifying radiant or wind conditions, 

it’s not clear about how to optimize the combination of radiant and wind conditions for thermal 

comfort and lower cost. The optimized combinations of radiant and wind conditions are 

expected to more effectively relieve the impacts of air temperature on people in physio-

psychological respects. However, there is no index demonstrating the effects of combined sun 

and wind conditions on people and providing guidance of optimization. Therefore, a wind-sun 

index and a diagram indicating the comfortable combinations are essential for urban designers 

and thermal comfort evaluation especially in hot summer days.  

The fourth and fifth parts answering the question 3 to question 5 in this thesis concentrate 

on thermal comfort when people are in movement or being exposed to frequent changes in 

microclimatic environments within 1h (daily outdoor activities) in the urban continuum. 

Therefore, the thermal comfort under these conditions is characterized with transient and 

dynamic natures. To start fourth parts, firstly thinking about time spending in outdoor spaces, 

we may encounter step changes in cool-biased and hot-biased microclimate environments in a 

short time, which are too short for us to reach a steady state but significantly affecting our 

feelings. Despite many studies have examined step temperature effects on thermal comfort and 

explored alliesthesia effects, they were mostly conducted in laboratory rather than in pure 

outdoor environments. The changes in cool-biased and hot-biased microclimate environments 

outdoors are usually formed by spatiotemporal changes in solar radiation and wind speed in 
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addition to air temperature, which are supposed to generate different thermal responses 

compared to those under relative steady environments and laboratory environments.  

What can be imagined is that frequent exposure to warm-biased and cool-biased cycles 

within the time required to achieve steady status might have potential effects on better thermal 

comfort on hot days. Impacts of frequent step changes might also influence the design of 

microclimatic parameters in an outdoor place. However, how step changes with different 

frequencies influence thermal responses is unclear, as well as the knowledge about utilization 

of these step changes for outdoor thermal comfort design. Besides, whether the UTCI which 

was developed to predict transient thermal response can catch the thermal responses under 

these step changes is unknown. Therefore, on the one hand, the fourth part is anticipated to 

make contributions to method or model of evaluating thermal environments with frequent and 

obvious changes outdoors. On the other hand, it is expected to increase outdoor thermal 

comfort by permitting spatiotemporal variations in thermal conditions, as well as appropriate 

design of thermal conditions generating these changes. 

Illustrated from the fourth part, the study in fifth part was conducted in wide urban 

environments with much more frequent spatiotemporal changes in microclimatic variables 

which are produced by urban continuum itself and movement of pedestrians. We can firstly 

recall an experience that when we walking in the urban forest on hot summer days, the waves 

of wind and solar radiation due to complex urban designs that wash cool and hot through our 

body, thus produce pleasant or annoyed feelings. Although these phenomena can be explained 

as “Alliesthesia” effects, we have no idea what state, including body thermal state and 

microclimate condition, can trigger these effects outdoors or how to link their possibility to 

fluctuating stimulations from varying wind and solar radiation in the urban continuum.  
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It is reported that wind turbulence and fast changing solar radiation can influence the 

overall human thermal responses. However, no study recorded the successive transient thermal 

responses to perceptible changes in wind and solar radiation in outdoor places and examine 

impacts of these changes. Besides, few research have looked at cooling potential of combined 

fluctuations of wind and solar radiation rather than lowering air temperature. It is speculated 

that contrasts in environments may instead amplify the cooling effects of shade and strong wind. 

Therefore, without the understanding of responses to perceptible fluctuations, we have no idea 

what level of fluctuation is required by people for thermal comfort outdoors and what efforts 

can be made to exploit and regulate fluctuating wind and radiation for cooling. Furthermore, 

because existing temperature indices such as the UTCI do not account for the impacts of 

changing factors on thermal responses, it is critical to update an index or model to measure 

thermal comfort in surroundings that are meant to give users with comfortable stimulations. 

Essentially, there is still a gap between what is known about fluctuating wind and radiation 

impacts and how they are applied in outdoor thermal comfort prediction and design.  

1.5.2 Research objectives 

Chapter 1 introduces the background, motivation, and importance of this thesis, as well 

as the thesis's outline.  

Chapter 2 intends to measure outdoor thermal comfort from a novel viewpoint by 

exploring individuals' perceptions of sun and wind conditions in outdoor areas through onsite 

monitoring and surveys. The acceptability of sun or wind conditions are developed to indicate 

acceptable thermal environments and provide comfort strategies under different UTCI 

temperatures.  
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Chapter 3 compares the sensitivity of UTCI and measured thermal sensations to 

meteorological factors to explore the factors that have a significant influence on outdoor 

thermal comfort but are not adequately predicted by UTCI. A combined sun and wind condition 

Index (SWI) is defined to optimize the combination of sun and wind conditions for comfort 

under a wide air temperature.  

Chapter 4 presents the subjective thermal responses as being exposed to cool-biased and 

hot-biased cycles at different defined frequencies on summer days. UTCI is updated to an 

equivalent UTCI* by integrating SWI index and exposure frequency to estimate thermal 

environments with frequent step changes.  

Chapter 5 designs a mobile monitoring and surveys in the urban continuum and proposes 

a new index to characterize the perceptible fluctuation of wind and solar radiation during 

movement. These fluctuations are then adapted to indicators coupled with others to predict 

dynamic outdoor thermal comfort. Suggested fluctuation of wind and solar radiation replacing 

a drop in air temperature for comfort, as well as the pleasant wind speed and annoyed radiant 

temperature under different fluctuation levels, are explored for walking comfort design.  

1.5.3 The outline of this thesis 
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Chapter 2 Assessment of outdoor thermal comfort in Hong Kong based on 

the individual desirability and acceptability of sun and wind conditions 

2.1 Graphic highlight 

This chapter examined individuals' perceptions of sun and wind conditions in a generally 

stable state to measure outdoor thermal comfort from a novel perspective. It is to guide urban 

designers to design recreational places considering users’ preference for sun and wind conditions, 

as well as to take effective actions to make users comfortable under different temperatures. The 

following graph highlights the innovation and significance of the present study.  
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2.2 Methodology  

2.2.1 Study area 

The study in this chapter was carried out on a university campus in Hong Kong based on a 

field study consisted of on-site measurements of meteorological parameters and questionnaire 

surveys. The various microclimate environments caused by specific building morphologies and 

green infrastructure elements make this university campus a suitable area to conduct an outdoor 

thermal comfort study. Three typical sites in the campus were selected as the study area, as shown 

in Figure. 2.1. Sites 1 and 3 are called UEB sites, located in the spaces beneath elevated buildings, 

which are typical building morphologies on this campus. Site 2 is called OPEN site, an open square 

where the solar radiation is strong for most of the day.  

 

Figure 2. 1 Selected sites for the field survey 



 

53 

 

2.2.2 Field survey 

The field survey was conducted during the early afternoon on 23 days between March 2016 

and December 2016. Different weather types corresponding to summer, autumn, and winter in 

Hong Kong were covered in this study. On each survey day, subjects were required to wear suitable 

clothing according to the forecast outdoor air temperature and experience the microclimate 

environments at each of the three sites in turn. The subjects were required to spend 15 min 

participating in mild activities (sitting, standing, or wandering) as they want at each site, some of 

them sitting and others standing or wandering for the whole 15 min. They were also required to 

record the time they spent on sitting, standing or wandering during this 15 min. Due to each activity 

type corresponding to a certain metabolic rate, the weighted-average metabolic rate of one subject 

conducting required activities was then determined in this 15 min to represent the average activity 

level. It is to help subjects to adapt to the microclimate environments and approach thermal steady 

state at each site before filling out the questionnaire. The ethical approval was obtained from the 

institution before conducting these field surveys.  

2.2.2.1 On-site meteorological measurements 

Meteorological measurements were conducted using a movable mini weather station to record 

meteorological parameters, including Ta, v, Ki, Li, RH, and Tg, at 1.5 m above the ground. The 

movable mini weather station and instruments for measuring meteorological parameters are shown 

in Figure. 2.2. The short-wave and long-wave irradiance from six directions (north–south, east–

west, and up–down) were measured using 3 sets of net radiometers (CNR4, KIPP&ZONEN) with 

high sensitivity. The instruments for measuring Tg, v, Ta, RH, and irradiance is listed in Table 2.1. 
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All of the instruments used are recommended by the ASHRAE handbook for meteorological 

parameter measurements (Handbook, 2017).  

Table 2. 1 Specifications of measurement instruments 

 

 

Figure 2. 2 Mini weather station with instruments for measuring meteorological parameters 
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2.2.2.2 Questionnaire survey 

Subjects for the questionnaire survey were recruited from the university, and a total of 1107 

questionnaires were collected. The questionnaire was divided into two parts: questions in the first 

part involved personal perceptions of the microclimate environments, including the thermal 

sensation vote (TSV), overall thermal comfort vote (TCV), and evaluation of the sun and wind 

conditions; questions in the second part involved personal information, including age, gender, 

height, weight, clothing status, and activity level during the prior 15 min.  

According to the questionnaire results, the average metabolic rate indicating the activity level 

of the subjects was 1.18 Met with a standard deviation of 0.23 Met. Because that 87.3% of 

metabolic rates concentrated in a range of 1.0-1.3 Met, and the amount of data of different 

metabolic rate was very limited, an average metabolic rate of 1.18 Met was adopted to represent 

the outdoor activity level of subjects in this study. The average clothing insulation of the subjects 

was 0.36 clo during the summer field tests and 0.59 clo during the winter field tests. Subjects in 

this study were all Chinese adults with the age from 20 to 50 (young and middle-aged) and lived 

in Hong Kong for more than a year. The average age of all subjects was 25. Among these subjects, 

523 of them were male and 589 of them were female. The average weight of the female was 

52.17kg and that of the male was 67.33kg. The average heights of the female and male were 

161.2cm and 172.9cm, respectively. Questions related to thermal sensation (ASHRAE seven-point 

scale), thermal comfort (five-point scale), and the evaluation of sun and wind conditions were 

discussed and analyzed in this study. These questions are listed in Table 2.2.  

Table 2. 2 Questions 1–4 of the questionnaire 
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In Table 2.2, the “sunlight” in Question 1 may include both the light and heat effects of the 

sun, and the “wind” in Question 2 may include convective cooling and other effects of the wind. 

Therefore, the answers to Questions 1 and 2 reflect the desire of subjects to change or maintain 

sun and wind conditions are kind of psychological responses influenced by physiological and 

psychological status of subjects. The sun desirability (DS) and wind desirability (DW) were 
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measured using a three-point scale of subjective feedback: too strong (less sunlight desired, DS = 

1), just right (no change in sunlight desired, DS = 2), or too weak (more sunlight desired, DS = 3). 

Likewise for the wind desirability: too strong (less wind desired, DW = 1), just right (no change in 

wind desired, DW = 2), and too weak (more wind desired, DW = 3).  

2.2.3 Data analysis 

2.2.3.1 Index  

Thermal perceptions of subjects are investigated in complex microclimate environments. 

UTCI was used in this chapter to estimate the effects of measured meteorological and human 

parameters on people by an equivalent air temperature. The six-directional technique was used in 

this chapter to obtain the Tmrt in the outdoor environment. Tmrt can be calculated with Eq. (1.8) 

using collected short-wave and long-wave irradiance data with CNR4 net radiometers. The wind 

speed at 10 m for calculating UTCI is determined based on measured wind speed at 1.5 m above 

the ground (Eq. 1.7).  

2.2.3.2 Logistic regression of the sun desirability (𝑫𝑺) and wind desirability (𝑫𝒘) 

The desire of subjects to change or maintain the sun and wind conditions,𝐷𝑆 and 𝐷𝑊, are 

important parts of thermal perception. Because 𝐷𝑆  and 𝐷𝑊  are psychological factors which 

might be influenced by individual physiological and psychological status, the probability of 𝐷𝑆 

and 𝐷𝑊  versus UTCI was investigated to explore the relationship between desirability and 

thermal stress of microclimate environments on people estimated by UTCI. The probability of 
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subjects’ 𝐷𝑆 and 𝐷𝑊 values as a function of UTCI was obtained through a logistic regression 

analysis (Dayton, 1992).  

As introduced in Section 2.2.2.2, there are three options for 𝐷𝑆 and 𝐷𝑤: 𝐷𝑆 = 1, 𝐷𝑆 = 2, 

and 𝐷𝑆 = 3; and 𝐷𝑊 = 1, 𝐷𝑊 = 2, and 𝐷𝑊 = 3. First, the options 𝐷𝑆 = 1 or 𝐷𝑊 = 1 are 

coded as 1, while the other options are all coded as 0. For example, the options of desiring to 

decrease the wind or sun conditions for subjects are coded as 1, while all the others (with no desire 

to decrease them) are coded as 0. Then, the probability of 𝐷𝑆 = 1 or 𝐷𝑊 = 1 (𝑃𝐷𝑠=1 or 𝑃𝐷𝑤=1) 

is determined for each UTCI bin with a width of 1 ℃, and is associated with the UTCI by a logistic 

regression, as expressed in Eq. (2.1) and Eq. (2.4). Next, the options 𝐷𝑆 = 3 or 𝐷𝑊 = 3 are 

coded as 1, while the other options are all coded as 0. Similarly, the probability of 𝐷𝑆 = 3 or 

𝐷𝑊 = 3 (𝑃𝐷𝑠=3  or 𝑃𝐷𝑤=3) against UTCI bins can be obtained through logistic regression, as 

expressed in Eq. (2.2) and Eq. (2.5). As the sum of probabilities of 𝐷𝑆 = 𝑖, (𝑖 = 1,2,3) or 𝐷𝑊 =

𝑖, (𝑖 = 1,2,3) must be 100%, the probability of 𝐷𝑆 = 2 or 𝐷𝑊 = 2 (𝑃𝐷𝑠=2 or 𝑃𝐷𝑤=2) can be 

easily determined as expressed in Eq. (2.3) and Eq. (2.6). 

𝑃𝐷𝑠=1 =
1

1+𝑒−𝑍𝐷𝑠=1
                                             (2.1) 

𝑃𝐷𝑠=3 =
1

1+𝑒−𝑍𝐷𝑠=3
                                                (2.2) 

𝑃𝐷𝑠=2 = 1 −
1

1+𝑒−𝑍𝐷𝑠=1
−

1

1+𝑒−𝑍𝐷𝑠=3
                                   (2.3) 

𝑃𝐷𝑤=1 =
1

1+𝑒−𝑍𝐷𝑤=1
                                               (2.4) 

𝑃𝐷𝑤=3 =
1

1+𝑒−𝑍𝐷𝑤=3
                                               (2.5) 
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𝑃𝐷𝑤=2 = 1 −
1

1+𝑒−𝑍𝐷𝑤=1
−

1

1+𝑒−𝑍𝐷𝑤=3
                                 (2.6) 

where 𝑃𝐷𝑠=𝑖(𝑖=1,2,3)and 𝑃𝐷𝑤=𝑖(𝑖=1,2,3)are the probabilities of 𝐷𝑆 = 1, 𝐷𝑆 = 2, and 𝐷𝑆 = 3 and  

𝐷𝑊 = 1, 𝐷𝑊 = 2,and 𝐷𝑊 = 3 against UTCI, and vary between 0 and 1; and 𝑍𝐷𝑠=𝑖(𝑖=1,3) and 

𝑍𝐷𝑤=𝑖(𝑖=1,3) are functions of the UTCI, as shown in Eqs. (2.7) and (2.8). 

𝑍𝐷𝑠=𝑖(𝑖=1,3) = 𝑏𝑖𝑈𝑇𝐶𝐼 + 𝑏𝑖0                                           (2.7)                                                                                                     

𝑍𝐷𝑤=𝑖(𝑖=1,3) = 𝑐𝑖𝑈𝑇𝐶𝐼 + 𝑐𝑖0                                           (2.8)                                                                                                       

where bi and ci are coefficients, and bi0 and ci0 are intercepts which can be obtained through a 

regression analysis.       

2.2.3.3 Sun acceptability (𝑨𝑺) and wind acceptability (𝑨𝑾) 

Questionnaire results are grouped by DS or DW  values. In each group with a 𝐷𝑆  or 𝐷𝑊  

value of 1, 2, or 3, the percentage of surveyed TCVs representing neutral (0), comfortable (1), and 

very comfortable (2) conditions is determined. If this percentage is greater than 80%, the 

corresponding microclimate environment is labeled as acceptable for a group with a certain 𝐷𝑆 or 

𝐷𝑊 value. The effects of the sun or wind conditions in these microclimate environments on the 

subjects in this group are also defined as acceptable, regardless of whether these subjects wanted 

to change or maintain the sun or wind conditions, and the acceptability of the sun and wind 

conditions, denoted as 𝐴𝑆,𝑖(𝑖=1,2,3)and 𝐴𝑊,𝑖(𝑖=1,2,3), respectively, are assigned a value of 1. For 

example, in a group where the subjects all selected 𝐷𝑆 = 2, if the percentage of TCVs of 0, 1, and 

2 in this group is greater than 80%, then 𝐴𝑆,2is equal to 1. The conception of 80% in this study is 

illustrated by thermal comfort studies of Fanger et al (Fanger, 1972).  
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If the aforementioned percentage is lower than 80% for a group with a certain 𝐷𝑆  or 

𝐷𝑤value, the corresponding microclimate environments for subjects in this group are said to be 

unacceptable, and the corresponding wind and sun conditions are recognized as factors 

contributing to these unacceptable microclimate environments. Thus, 𝐴𝑆,𝑖(𝑖=1,2,3)or 𝐴𝑊,𝑖(𝑖=1,2,3) 

is assigned a value of -1. In this way, the actual effects of sun or wind conditions on subjects voting 

for 𝐷𝑆 = 𝑖, (𝑖 = 1,2,3) or 𝐷𝑊 = 𝑖, (𝑖 = 1,2,3) can be labeled with 𝐴𝑆,𝑖(𝑖=1,2,3)or 𝐴𝑊,𝑖(𝑖=1,2,3) 

values of 1 or -1, as expressed by the following equations:  

𝐴𝑆,𝑖(𝑖=1,2,3) = {
1(𝑃𝑇𝐶𝑉=0,1,2|𝐷𝑆 = 𝑖, (𝑖 = 1,2,3)) ≥ 80%

−1(𝑃𝑇𝐶𝑉=0,1,2|𝐷𝑆 = 𝑖, (𝑖 = 1,2,3)) < 80%
}    (2.9)                                

𝐴𝑊,𝑖(𝑖=1,2,3) = {
1(𝑃𝑇𝐶𝑉=0,1,2|𝐷𝑊 = 𝑖, (𝑖 = 1,2,3)) ≥ 80%

−1(𝑃𝑇𝐶𝑉=0,1,2|𝐷𝑊 = 𝑖, (𝑖 = 1,2,3)) < 80%
}  (2.10)    

where 𝑃𝑇𝐶𝑉=0,1,2 is the percentage of surveyed TCVs that are neutral (0), comfortable (1), and 

very comfortable (2); and (𝑃𝑇𝐶𝑉=0,1,2|𝐷𝑆 = 𝑖, (𝑖 = 1,2,3)) or (𝑃𝑇𝐶𝑉=0,1,2|𝐷𝑊 = 𝑖, (𝑖 = 1,2,3)) 

represents that 𝑃𝑇𝐶𝑉=0,1,2 is determined for each data set grouped by DS and DW values of 1, 2, or 

3.  

As introduced in Section 2.2.3.2, there is a probability distribution of 𝐷𝑆 or 𝐷𝑊versus UTCI. 

The overall sun or wind acceptability (𝐴𝑆or 𝐴𝑊) can then be determined against the UTCI using 

the probability-weighted average value of 𝐴𝑆,𝑖(𝑖=1,2,3)or 𝐴𝑊,𝑖(𝑖=1,2,3) for each UTCI, as given in 

Eq. (2.11) and Eq. (2.12).  

𝐴𝑆 = ∑ (𝑃𝐷𝑠=𝑖 × 𝐴𝑆,𝑖)
3
𝑖=1                      (2.11)                                                                                                          

𝐴𝑊 = ∑ (𝑃𝐷𝑤=𝑖 × 𝐴𝑊,𝑖)
3
𝑖=1                                                  (2.12)                                                                            
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where 𝑃𝐷𝑠=𝑖  and 𝑃𝐷𝑤=𝑖  are the probabilities of 𝐷𝑆  and 𝐷𝑤 , respectively. The outputs of 

𝐴𝑆and 𝐴𝑊 are between -1 and 1, and indicate the degree of sun and wind acceptability perceived 

by subjects, respectively, under thermal stress of microclimate environments estimated by the 

UTCI. For UTCI values where 𝐴𝑆or 𝐴𝑊 are greater than 0, the effects of the corresponding wind 

or sun conditions on subjects are acceptable. The higher the 𝐴𝑆or 𝐴𝑊values are, the greater the 

degree of acceptability. For UTCI values where 𝐴𝑆or 𝐴𝑊are less than 0, the effects of the 

corresponding sun or wind conditions are said to be unacceptable.  

2.2.3.4 ANOVA analysis  

ANOVA analysis (An analysis of variance) (St & Wold, 1989) was conducted in this chapter 

to test the differentiation of surveyed thermal sensations of subjects voting for different sun or 

wind desirability under a specific UTCI range in a statistical way. The differentiation is verified 

by statistical significance which is referred to as the P-value, the probability of obtaining a result 

of a study at least as extreme, given that the null hypothesis was true. The P-value of lower than a 

set significance level α (probability of the study rejecting the null hypothesis, given that it was true) 

indicates that the result of ANOVA test rejects the null hypothesis and is statistically significant 

(Johnson, 1999). The significance level is typically set to 5% in scientific researches (Craparo, 

2007). Therefore, if P<0.05 is obtained from the ANOVA analysis in this study, the significantly 

different thermal sensations of subjects voting for different sun and wind desirability would be 

confirmed. 
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2.3 Meteorological parameters 

Figure 2.3 shows the meteorological parameters Tmrt, Ta, v, and RH collected during field tests 

conducted on 23 days between March and December 2016. During the 6 field tests conducted on 

Oct. 13, Nov. 11, Dec. 1, Sep. 7, Sep. 26, and Sep. 27, 2016, meteorological parameters were 

collected only at the OPEN or UEB site from either 13:00–14:00 or 15:00–16:00. On the remaining 

measurement days, meteorological parameters were collected at UEB and OPEN in turn during 

13:00–14:00 or 15:00–16:00. Figure 2.3 shows the maximum, minimum, and mean values of each 

meteorological parameter recorded during the field tests. Figure 2.3a shows that Ta varies between 

21.1℃ and 36.2℃ and Figure 3b shows Tmrt from 19.4℃ to 59.4℃. The maximum value of the 

short-wave irradiance and the corresponding direction for each measurement day are listed in 

Table 2.3, indicating sunny or cloudy conditions on that day. According to the introduction of net 

radiometers (CNR4, KIPP&ZONEN), the upper site’s short-wave irradiance from 50 to 120 W/m², 

from 50 to 120 W/m², and from 500 to 1000 W/m² indicates fully clouded, partly clouded and 

sunny sky condition, respectively. A large difference between the minimum and maximum values 

of Tmrt is observed for measurement days on which the irradiance was collected at the UEB and 

OPEN sites in turn. This is due to different irradiance recorded at the UEB sites with shading and 

the OPEN site exposed directly to the sun for the same sunny/cloudy conditions.  

Figure 2.3c shows the wind speed recorded during the field test periods. Large deviations in 

the wind speed from 0.5 m/s to 3.5 m/s are observed for the measurement days, and the mean wind 

speed is within the range of 1.0–2.0 m/s. Figure 2.3d shows the variation in the relative humidity. 

Similar to Ta in Figure. 2.3a, small deviations in RH are observed on measurement days. Except 

for on Sep. 27 and Dec. 6, 2016, the RH was greater than 50%, demonstrating the humid climate 
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of Hong Kong. Because field tests were conducted at different sites over different seasons, the 

parameters collected in the various microclimate environments are helpful for a comprehensive 

understanding of the microclimate environments. 

Table 2. 3 Maximum values of the short-wave irradiance, the observed direction, and 

corresponding sunny/cloudy conditions   

Date Direction Short-wave irradiance (W/m2) 
Sunny/cloudy 

condition 

6/28/2016 Up 217.5 Partly cloudy 

7/15/2016 Up 222.6 Partly cloudy 

7/17/2016 Up 30.5 Cloudy 

8/01/2016 Up 63.6 Cloudy 

8/08/2016 Up 620.9 Clear and Sunny 

8/22/2016 Up 890.9 Clear and Sunny 

8/23/2016 Up 352.6 Partly cloudy 

8/24/2016 Up 742.5 Clear and Sunny 

9/14/2016 Up 720.4 Clear and Sunny 

10/14/2016 Up 402.9 Partly cloudy 

10/28/2016 Up 295.6 Partly cloudy 

11/21/2016 Up 18.6 Cloudy 

11/30/2016 Up 16.1 Cloudy 

12/05/2016 Up 283.6 Partly cloudy 

12/06/2016 Up 24.5 Cloudy 

12/12/2016 Up 335.1 Partly cloudy 
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Figure 2. 3 Maximum, minimum, and mean values of the meteorological parameters measured 

during field test periods: a) air temperature, b) mean radiant temperature, c) wind speed, and d) 

relative humidity 

2.4 Relationship among the thermal sensation vote, sun or wind desirability (𝑫𝑺 or 𝑫𝒘), and 

UTCI 

A preliminary assessment of the outdoor thermal comfort at selected sites determined by the 

UTCI is shown in Figure 2.4, which displays the correlation between the UTCI and the mean 

surveyed thermal sensation vote (MTSV) obtained for each UTCI value using a linear regression 

analysis. The relationship between the UTCI and the surveyed MTSV can be expressed by Eq. 

(2.13). However, the obvious deviation in the surveyed TSV for each UTCI value is shown with 

the error bars for each surveyed MTSV in Figure 2.4, and the goodness of fit indicated by R2 value 

for the regression line is not very high. It is not convincing to describe the surveyed TSV responding 

to the UTCI using the direct regression line alone. The data set in Figure 2.4 was then divided into 

six sets according to the sun desirability of 𝐷𝑆 = 1 (less sun desired), 𝐷𝑆 = 2 (no change in sun 

desired), and 𝐷𝑆 = 3 (more sun desired), and the wind desirability of 𝐷𝑊 = 1(less wind desired), 

𝐷𝑊 = 2 (no change in wind desired), and 𝐷𝑊 = 3 (more wind desired), and the linear regression 

analysis between the surveyed MTSV and UTCI for each data set was carried out. The results were 

shown in Figures 2.4 and 2.5, and it is interesting to note that the surveyed MTSV at a given UTCI 

is affected by the sun and wind desirability of the subjects.  
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Figure 2. 4 Correlation between the surveyed TSV and the UTCI at all sites 

 

 

                                                 a) 



 

68 

 

 

                                               b) 

Figure 2. 5 Surveyed MTSV vs. UTCI, grouped by a) sun desirability, b) wind desirability 

Figure 2.5 shows the correlation between the surveyed MTSV for each UTCI bin and the UTCI 

bins are grouped by the sun desirability and the wind desirability, respectively. From Figure 2.5a, 

three different regression lines with R2 of greater 0.7 are obtained, and describe the correlation 

between the UTCI and the surveyed MTSV for subjects voting for 𝐷𝑆 = 1, 𝐷𝑆 = 2, and 𝐷𝑆 = 3, 

as expressed in Eqs. (2.14-2.16), respectively. According to these regression lines, although the 

surveyed MTSV increases with increasing UTCI, the MTSV of subjects voting for 𝐷𝑆 = 1 is 

higher than that of subjects voting for 𝐷𝑆 = 2 and 𝐷𝑆 = 3 at the same UTCI value. It is noted 

that the spacing between the lines, indicating a difference in the surveyed MTSV among subjects 

voting for 𝐷𝑆 = 1, 𝐷𝑆 = 2, and 𝐷𝑆 = 3, increases with increasing UTCI. Subjects desiring less 

sun are more sensitive to the UTCI than subjects desiring others. After an ANOVA test which was 
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briefly introduced in section 2.2.3.5 for the UTCI range of 16.5–38.5℃ in which 𝐷𝑆 = 1, 𝐷𝑆 = 2, 

and 𝐷𝑆 = 3 were all observed, differences were apparent in the surveyed MTSV among subjects 

voting for 𝐷𝑆 = 1, 𝐷𝑆 = 2, and 𝐷𝑆 = 3, and was verified by P = 0.05 (lower than 0.05).  

The result is that subjects with different sun desirabilities are found in the same UTCI bin, 

leading to significantly different thermal sensations responding to this UTCI bin. The significance 

of the negative correlation between thermal sensation and sun desirability was tested with a 

Pearson correlation value of -0.544 with P<0.05. Various sun desirabilities in the same UTCI bin 

is perhaps caused by the psychological status of the subjects. For example, in sunny conditions, 

subjects who enjoy the sunshine in their daily life may desire more sun or no change in the sun 

and feel less hot than subjects who dislike sun exposure in their daily life and desire less sun. 

Another possible reason is the physiological status of the subjects. Various sun intensities may be 

estimated to have the same thermal stress on subjects by the UTCI value, but the body of subjects 

may be more sensitivity to effects of these various sun intensities, leading to different thermal 

stress felt by subjects than that represented by UTCI. Therefore, different sun desirability was 

appeared responding to different thermal stress. These assumptions should be verified by further 

studies. 

MTSV = 0.1332𝑈𝑇𝐶𝐼 − 3.6039(16.5℃ ≤ UTCI ≤ 48.5℃, 𝑅2 = 0.660)          (2.13) 

𝑀𝑇𝑆𝑉𝐷𝑠=1 = 0.1532𝑈𝑇𝐶𝐼 − 3.7864(16.5℃ ≤ UTCI ≤ 48.5℃, 𝑅2 = 0.814      (2.14)  

𝑀𝑇𝑆𝑉𝐷𝑠=2 = 0.1308𝑈𝑇𝐶𝐼 − 3.4646(16.5℃ ≤ UTCI ≤ 48.5℃, 𝑅2 = 0.826)     (2.15) 

𝑀𝑇𝑆𝑉𝐷𝑠=3 = 0.1070𝑈𝑇𝐶𝐼 − 3.2268(16.5℃ ≤ UTCI ≤ 38.5℃,𝑅2 = 0.730)    (2.16) 
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Similarly, three different regression lines are obtained from Figure 2.5b, and describe the 

correlation between the UTCI and surveyed MTSV for subjects voting for 𝐷𝑊 = 1, 𝐷𝑊 = 2, and 

𝐷𝑊 = 3, which are expressed by Eqs. (2.17-2.19), respectively. R2 values of greater than 0.7 

indicate a good correlation between the surveyed MTSV and UTCI for each group. The regression 

lines illustrate that subjects’ desiring more wind feel hotter than subjects desiring no change in 

wind or less wind. Compared to Figure 2.5a, the spacing between the lines which indicates the 

difference in the surveyed MTSV among subjects voting for 𝐷𝑊 = 1, 𝐷𝑊 = 2, and 𝐷𝑊 = 3 is 

clearly larger than those among subjects voting for 𝐷𝑆 = 1 , 𝐷𝑆 = 2 , and 𝐷𝑆 = 3 , and also 

increases with increasing UTCI. Subjects desiring more wind are more sensitive to the UTCI than 

subjects desiring others. The result is that thermal sensations of subjects responding to 

microclimate environments depend more on the wind desirability of subjects than the sun 

desirability. An ANOVA test indicating significant differences (P=0.001, lower than 0.05) in the 

surveyed MTSV among subjects with different wind desirability was carried out for a UTCI range 

of 16.5–34.5℃ where options of 𝐷𝑊 = 1, 𝐷𝑊 = 2and 𝐷𝑊 = 3 were all observed, and a UTCI 

range of 35.5–48.5℃, where the options 𝐷𝑊 = 2 and 𝐷𝑊 = 3 were observed.  

It is also interesting to note that various wind desirabilities were found in the same UTCI bin, 

leading to deviations in the thermal sensations within that UTCI bin. The significance of the 

positive correlation between thermal sensation and wind desirability was tested with a Pearson 

correlation value of 0.610 with P<0.05. Similarly, there are two explanations for this phenomenon. 

One is the subjects’ psychological attitude toward wind conditions. For example, under the same 

wind speed, subjects who prefer calm wind in daily life may desire less wind and feel cooler than 

subjects preferring strong wind who may desire more wind or no change in the wind. The other 

explanation may be the physiological status of subjects. There may be various wind speeds 
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estimated as causing the same thermal stress to the subjects by the UTCI value, but the subjects 

are more sensitive to effects of these wind speeds on their body.  

𝑀𝑇𝑆𝑉𝐷𝑤=1 = 0.0944𝑈𝑇𝐶𝐼 − 3.2556(16.5℃ ≤ UTCI ≤ 34.5℃, 𝑅2 = 0.701)    (2.17) 

𝑀𝑇𝑆𝑉𝐷𝑤=2 = 0.1168𝑈𝑇𝐶𝐼 − 3.1360(16.5℃ ≤ UTCI ≤ 48.5℃, 𝑅2 = 0.757     (2.18)  

𝑀𝑇𝑆𝑉𝐷𝑤=3 = 0.1365𝑈𝑇𝐶𝐼 − 3.1615(16.5℃ ≤ UTCI ≤ 48.5℃, 𝑅2 = 0.804)    (2.19) 

Further, the acceptable UTCI range was determined through the intersections of the regression 

line, the slightly cool (-1) line, and the slightly warm (1) line. Acceptable UTCI ranges of 18.5–

31.5℃ for subjects with 𝐷𝑆 = 1, 19.5–33.5℃ for subjects with 𝐷𝑆 = 2, and 20.5–38.5℃ for 

subjects with 𝐷𝑆 = 3  were obtained. Similarly, acceptable UTCI ranges of 16.5–30.5℃ for 

subjects with 𝐷𝑊 = 1, 18.5–35.0℃ for subjects with 𝐷𝑊 = 2, and 23.5–34.5℃ for subjects with 

𝐷𝑊 = 3 were obtained. This confirms that subjects voting for 𝐷𝑆 = 1 or 𝐷𝑊 = 3 can only 

tolerate narrower UTCI ranges. In conclusion, irrespective of psychological factors or the stronger 

sensitivity of subjects to sun and wind conditions, the thermal sensation experienced by subjects 

at a given UTCI depends on their desirability of sun and wind conditions. Therefore, the sun and 

wind desirability versus UTCI needs to be investigated further.  

2.5 Logistic regression analysis of the sun desirability (𝑫𝑺) and wind desirability (𝑫𝒘)  

In the previous section, the importance of sun and wind desirability were emphasized, and 

this section will further discuss the subjects’ desirability for sun and wind conditions in relation to 

the UTCI. After conducting the logistic regression analysis as introduced in Section 2.2.3.3, the 

probabilities of 𝐷𝑆 = 𝑖, (𝑖 = 1,3) and 𝐷𝑊 = 𝑖, (𝑖 = 1,3) (𝑃𝐷𝑠=𝑖(𝑖=1,3)and 𝑃𝐷𝑤=𝑖(𝑖=1,3) ) versus 

UTCI are expressed as in Eqs. (2.20-2.23). Figure 2.6a shows the logistic regression analysis 
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between 𝑃𝐷𝑠=𝑖(𝑖=1,3) and UTCI, while Figure 2.6b shows the logistic regression analysis between 

𝑃𝐷𝑤=𝑖(𝑖=1,3)  and UTCI. The suitability of the logistic regression models for describing the 

probability of 𝐷𝑆 = 𝑖, (𝑖 = 1,3) and 𝐷𝑊 = 𝑖, (𝑖 = 1,3) versus UTCI was evaluated by R2 and 

root mean square error (RMSE) which indicates the error between fitted data by regression model 

and observed data, and the results are listed in Table 2.4.  

𝑃𝐷𝑠=1 =
1

1+𝑒−(0.28∙𝑈𝑇𝐶𝐼−9.88)
                                       (2.20) 

𝑃𝐷𝑠=3 =
1

1+𝑒−(2.99−0.16∙𝑈𝑇𝐶𝐼)
                                       (2.21) 

𝑃𝐷𝑤=1 =
1

1+𝑒−(5.18−0.28∙𝑈𝑇𝐶𝐼)
                                       (2.22) 

𝑃𝐷𝑤=3 =
1

1+𝑒−(0.25∙𝑈𝑇𝐶𝐼−8.28)
                                       (2.23) 

Table 2. 4 Values of R2 and RMSE for fitness evaluation of the logistic models 

Logistic model R2 RMSE 

Logistic model for 𝑃𝐷𝑠=1 0.97 0.053 

Logistic model for 𝑃𝐷𝑠=3 0.94 0.041 

Logistic model for 𝑃𝐷𝑤=1 0.95 0.040 

Logistic model for 𝑃𝐷𝑤=3 0.97 0.060 
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Because the sum of probabilities of 𝐷𝑆 = 𝑖, (𝑖 = 1,2,3) and 𝐷𝑊 = 𝑖, (𝑖 = 1,2,3) at each 

UTCI bin must equal 100%, the probabilities for 𝐷𝑆 = 2 and 𝐷𝑊 = 2 can be easily determined 

by the following equations: 

𝑃𝐷𝑠=2 = 1 − (
1

1+𝑒−(0.28∙𝑈𝑇𝐶𝐼−9.88)
+

1

1+𝑒−(2.99−0.16∙𝑈𝑇𝐶𝐼)
)                 (2.24) 

𝑃𝐷𝑤=2 = 1 − (
1

1+𝑒−(5.18−0.28∙𝑈𝑇𝐶𝐼)
+

1

1+𝑒−(0.25∙𝑈𝑇𝐶𝐼−8.28)
)                 (2.25) 

The R2 values for the models of 𝑃𝐷𝑠=2 and 𝑃𝐷𝑤=2 are both 0.94, and the RMSE values for 

the two models are 0.056 and 0.059, respectively. The value of RMSE indicates the average 

difference between the predicted value by regressed model and the real value, and the smaller the 

value, the more accurate regressed model. As a result, indicated by high values of R2 and low 

values of RMSE, logistic regression models are very suitable for describing the probability of 

𝐷𝑆 = 𝑖, (𝑖 = 1,2,3) and 𝐷𝑊 = 𝑖, (𝑖 = 1,2,3) versus UTCI. 
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                                                       a) 

 

                                                     b) 

Figure 2. 6 Logistic regression analyses between the probability of 𝐷𝑆 = 𝑖, (𝑖 = 1,3) or 𝐷𝑊 =

𝑖, (𝑖 = 1,3) and UTCI: a) probability of 𝐷𝑆 = 𝑖, (𝑖 = 1,3) versus UTCI; b) probability of 𝐷𝑊 =

𝑖, (𝑖 = 1,3) versus UTCI 

Figure 2.6a shows that 𝑃𝐷𝑠=1 increases with increasing UTCI, while 𝑃𝐷𝑠=3 decreases with 

increasing UTCI. More than 80% of subjects desire less sun when the UTCI reaches 40.0℃, while 

more than 50% of subjects desire more sun when the UTCI is less than 17.5℃. The intersection 

points of 29.0℃ in Figure. 2.6a indicates the point at which the sum of 𝑃𝐷𝑠=1and 𝑃𝐷𝑠=3has 

reached its minimum value of 30%. In other words, the maximum value of 𝑃𝐷𝑠=2  of 70% is 

observed at this UTCI. Figure 2.6b shows that 𝑃𝐷𝑤=3  increases with increasing UTCI, while 
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𝑃𝐷𝑤=1 decreases with increasing UTCI. Similarly, at UTCI of greater than 40.0℃, more than 80% 

of subjects desire more wind, while at UTCI of less than 17.5℃, more than 50% desire less wind.  

Combining the results observed in Figure. 2.6a, it can be concluded that more than 80% of 

subjects desire a change in the wind and sun conditions at UTCI of greater than 40.0℃, while more 

than 50% of subjects desire changes in sun and wind conditions at UTCI of less than 17.5℃. 

However, the maximum 𝑃𝐷𝑤=2 of 78% is observed at the intersection point at 25.0℃ in Figure 

6b, which is lower than that for the 𝑃𝐷𝑠=2 of 70% in Figure. 6a. Due to higher value of the UTCI 

indicating stronger heat stress estimated on subjects, it is interesting to note that microclimate 

environments where most of the subject’s desire to maintain the sun conditions have stronger heat 

stress on subjects than those where most subjects desire to maintain the sun conditions.  

2.5 Expected MTSV corresponding to UTCI  

The correlation between the UTCI and surveyed MTSV of subjects voting for 𝐷𝑆 = 𝑖, (𝑖 =

1,2,3)  and 𝐷𝑊 = 𝑖, (𝑖 = 1,2,3) , and 𝑃𝐷𝑠=𝑖(𝑖=1,2,3)and 𝑃𝐷𝑤=𝑖(𝑖=1,2,3)versus UTCI have been 

determined. The probability-weighted average value of 𝑀𝑇𝑆𝑉𝐷𝑠=𝑖(𝑖=1,2,3) or 𝑀𝑇𝑆𝑉𝐷𝑤=𝑖(𝑖=1,2,3) 

obtained from Eqs. (2.14-2.19) was then determined for each UTCI value using Eqs. (2.26) and 

(2.27) to develop an expected MTSV (𝑀𝑇𝑆𝑉𝐷𝑆  or 𝑀𝑇𝑆𝑉𝐷𝑊) at each UTCI. This expected MTSV 

represents the most likely thermal sensation responding to UTCI after considering influences of 

DS and DW of subjects on thermal sensations and their distributions versus UTCI.  

𝑀𝑇𝑆𝑉𝐷𝑆 = ∑𝑀𝑇𝑆𝑉𝐷𝑠=𝑖 × 𝑃𝐷𝑠=𝑖

3

1=1

=
0.0224𝑈𝑇𝐶𝐼 − 0.3218

1 + 𝑒−(0.28∙𝑈𝑇𝐶𝐼−9.88)
+
0.2378 − 0.0238𝑈𝑇𝐶𝐼

1 + 𝑒−(2.99−0.16∙𝑈𝑇𝐶𝐼)
+ 0.1308𝑈𝑇𝐶𝐼 − 3.4646(2.26) 
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𝑀𝑇𝑆𝑉𝐷𝑊 = ∑𝑀𝑇𝑆𝑉𝐷𝑤=𝑖 × 𝑃𝐷𝑤=𝑖

3

1=1

=
0.0197𝑈𝑇𝐶𝐼 − 0.0255

1 + 𝑒−(0.25∙𝑈𝑇𝐶𝐼−8.28)
−
0.0224𝑈𝑇𝐶𝐼 + 0.1196

1 + 𝑒−(5.18−0.28∙𝑈𝑇𝐶𝐼)
+ 0.1168𝑈𝑇𝐶𝐼 − 3.1360(2.27) 

where 𝑀𝑇𝑆𝑉𝐷𝑆  and 𝑀𝑇𝑆𝑉𝐷𝑊  are the expected MTSV as functions of UTCI, considering the probability 

of subjects’ sun desirability and wind desirability, respectively, at varying UTCI. 

Figure 2.7 shows the fitted MTSV versus UTCI obtained from Eq. (2.13) and the expected 

MTSV against UTCI obtained from Eqs. (2.26) and (2.27). In Figure. 2.7, blacks’ plots are the 

fitted MTSV versus UTCI, and the red and blue plots are 𝑀𝑇𝑆𝑉𝐷𝑆  and 𝑀𝑇𝑆𝑉𝐷𝑊  versus UTCI, 

respectively. Because the maximum value of MTSV is 3, the calculated expected MTSV of greater 

than 3 were altered to 3. It can be seen that there is no difference between the expected MTSV and 

fitted MTSV until UTCI reaches 30.0℃. As UTCI is higher than 30.0℃, the expected MTSV is 

higher than the fitted MTSV. As discussed in section 2.3, this is perhaps due to the increased 

difference in thermal sensations of subjects caused by different sun or wind desirabilities with 

increasing UTCI, which lead to the probability-weighted average value of TSVs different from the 

MTSVs.  

Nevertheless, the agreement of the expected MTSV with the surveyed MTSV at varying UTCI 

indicated by R2 of 0.72 is better than that of fitted MTSV with the surveyed MTSV indicated by R2 

of 0.66. These results demonstrate that effects of microclimate environments on subjects estimated 

by UTCI most likely to lead to the expected MTSV of subjects. Therefore, an acceptable UTCI 

range of 20.0–32.5℃ can be determined by excepted MTSV between -1 and 1. 
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Figure 2. 7 Fitted MTSV and expected MTSV (𝑀𝑇𝑆𝑉𝐷𝑆 and 𝑀𝑇𝑆𝑉𝐷𝑊) versus UTCI 

2.6 Investigation of sun acceptability (𝑨𝑺) and wind acceptability (𝑨𝑾) 

As introduced in section 2.2.3.3, 𝐴𝑆and 𝐴𝑊are derived based on subjects’ sun and wind 

desirability and overall thermal comfort votes, and suggest whether the effects of the present sun 

or wind conditions can be accepted at each UTCI value. Questionnaire results were grouped by 

𝐷𝑆 = 𝑖, (𝑖 = 1,2,3) or 𝐷𝑊 = 𝑖, (𝑖 = 1,2,3). The percentage of surveyed TCV reported as neutral 

(0), comfortable (1), and very comfortable (2) was calculated for each group to define acceptable 

and unacceptable sun and wind conditions for subjects with certain𝐷𝑆 or 𝐷𝑤. The results are 

summarized in Tables 2.5 and 2.6. 
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Table 2. 5 Percentage of surveyed TCV for each group of 𝐷𝑆 and the definition of acceptable or 

unacceptable sun conditions for each group  

Sun desirability 

𝐷𝑆 = 𝑖, (𝑖 = 1,2,3) 

Percentage of TCV 
Sun acceptability 

 𝐴𝑆,𝑖(𝑖=1,2,3) 

-2, -1 0,1,2 

 

 

𝐷𝑆 = 1 

 

72.40% 

 

27.60% 

 

𝐴𝑆,1 = −1 
   

𝐷𝑆 = 2 13.10% 86.90% 𝐴𝑆,2 = 1 
   

𝐷𝑆 = 3 17.80% 82.20% 𝐴𝑆,3 = 1 
  

 

Table 2. 6 Percentage of surveyed TCV for each group of 𝐷𝑊 and the definition of acceptable or 

unacceptable wind conditions for each group  

Wind desirability 

𝐷𝑊 = 𝑖, (𝑖 = 1,2,3) 

Percentage of TCV 
Wind acceptability 

 𝐴𝑊,𝑖(𝑖=1,2,3) 

-2, -1 0,1,2 
 

 

𝐷𝑊 = 1 

 

59.60% 

 

40.40% 

 

𝐴𝑊,1 = −1 

   

𝐷𝑊 = 2 7.00% 93.00% 𝐴𝑊,2 = 1 

   

𝐷𝑊 = 3 55.80% 44.20% 𝐴𝑊,3 = −1 

  

 

In Table 2.5, the percentage of surveyed TCV of 0, 1, and 2 is less than 80% for𝐷𝑆 = 1 group, 

indicating unacceptable effects of the sun condition on subjects desiring less sun; the 𝐴𝑆,1 is equal 

to -1. The percentage of surveyed TCV of 0, 1, and 2 is greater than 80% for 𝐷𝑆 = 2 and 𝐷𝑆 = 3 
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groups, demonstrating the acceptable effects of the sun conditions on subjects desiring more sun 

or no change of sun; 𝐴𝑆,2 and 𝐴𝑆,3 are both equal to 1.  

In Table 2.6, the percentage of surveyed TCV of 0, 1, and 2 is greater than 80% only for 𝐷𝑆 =

2 group, indicating that effects of the corresponding wind conditions are only acceptable on 

subjects voting for 𝐷𝑊 = 2; 𝐴𝑊,2 is assigned a value of 1. The percentage of surveyed TCV of 0, 

1, and 2 are less than 50% for 𝐷𝑊 = 1 and 𝐷𝑊 = 3 group. Although around 40% of subjects 

selecting 𝐷𝑊 = 1 and 𝐷𝑊 = 3 reported TCV of 0, 1, and 2, the effects of the wind conditions 

were considered unacceptable for these subjects and need to be improved as they desire; 𝐴𝑊,1 and 

𝐴𝑊,3 are both equal to -1. Accordingly, once subjects desire a change in the wind conditions, the 

effects of the wind conditions on them are said to be unacceptable, suggesting that subjects are 

stricter to wind conditions than sun conditions. 

With 𝐴𝑆,𝑖(𝑖=1,2,3), 𝐴𝑊,𝑖(𝑖=1,2,3) , 𝑃𝐷𝑠=𝑖 , and 𝑃𝐷𝑤=𝑖  versus UTCI known, 𝐴𝑆 and 𝐴𝑊 at 

varying UTCI can be determined by the probability-weighted average value of 𝐴𝑆,𝑖(𝑖=1,2,3)or 

𝐴𝑊,𝑖(𝑖=1,2,3)calculated for each UTCI using Eqs. (2.28) and (2.29).  

𝐴𝑆 = 𝐴𝑆,1 ∙ 𝑃𝐷𝑠=1 + 𝐴𝑆,2 ∙ 𝑃𝐷𝑠=2 + 𝐴𝑆,3 ∙ 𝑃𝐷𝑠=3 = 1 − 2 ×
1

1+𝑒−(0.28∙𝑈𝑇𝐶𝐼−9.88)
      (2.28) 

𝐴𝑊 = 𝐴𝑊,1 ∙ 𝑃𝐷𝑤=1 + 𝐴𝑊,2 ∙ 𝑃𝐷𝑤=2 + 𝐴𝑊,3 ∙ 𝑃𝐷𝑤=3 = 1 − 2 × (
1

1+𝑒−(5.18−0.28∙𝑈𝑇𝐶𝐼)
+

1

1+𝑒−(0.25∙𝑈𝑇𝐶𝐼−8.28)
)                                                        (2.29) 

     The distributions of 𝐴𝑆and 𝐴𝑊versus UTCI are shown in Figure 2.8. Values of 𝐴𝑆and 

𝐴𝑊between -1 and 1 at varying UTCI indicate the expected degree of acceptability of the sun and 

wind conditions affecting on subjects under a thermal stress represented by UTCI. For UTCI values 
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with 𝐴𝑆or 𝐴𝑊  of greater than 0, the effects of the corresponding wind or sun conditions on 

subjects can be accepted. The effects of the wind or sun conditions are unacceptable at UTCI where 

𝐴𝑆or 𝐴𝑊are less than 0. The black curve in Figure 2.8 shows the distribution of 𝐴𝑆versus UTCI. 

It can be observed that 𝐴𝑆decreases with increasing UTCI, and effects of sun conditions become 

unacceptable for UTCI over 35.0℃. This is due to the increasing probability of subjects voting for 

𝐷𝑆 = 1 as UTCI increases. As 𝑃𝐷𝑠=1 is greater than 50% for a UTCI value, the effects of the 

corresponding sun conditions at this UTCI are unacceptable.  

Because UTCI of less than 16.5℃ were not observed in this study, acceptable microclimate 

environments where effects of sun conditions are acceptable for subjects are determined for the 

UTCI range of 16.5–35.0℃. The red curve in Figure. 2.8 shows the distribution of 𝐴𝑊versus 

UTCI. Unlike 𝐴𝑆 , 𝐴𝑊 initially increases and then decreases with increasing UTCI, and the 

maximum 𝐴𝑊 is observed at a UTCI of 26.0℃. This is due to the increase in 𝑃𝐷𝑠=2  with 

increasing UTCI from 16.5℃ to 26.0℃, and the decrease in 𝑃𝐷𝑠=2 with UTCI higher than 26.0℃. 

The acceptable UTCI range of 18.5–32.5℃ where the effects of wind conditions are acceptable is 

determined by the intersection between the red curve and the 0 acceptability line.  



 

81 

 

 

Figure 2. 8 Sun and wind acceptability versus UTCI  

From Figure. 2.8, acceptable wind conditions existed in the UTCI range of 18.5–32.5℃ while 

acceptable sun conditions are observed under a larger UTCI range of 16.5–35.0℃. This means that 

once the UTCI value falls between 32.5℃ and 35.0℃ in one outdoor place surveyed, it is indicated 

that the corresponding wind conditions of this place are unacceptable even though the 

corresponding sun conditions are still acceptable. Additionally, 𝐴𝑆 is greater than 𝐴𝑊 for any 

UTCI value. For the same UTCI value which indicates the same thermal stress, effects of sun 

conditions are more acceptable by subjects than those of wind conditions.  

The relative influences of sun and wind conditions on subjects at each UTCI can then be 

realized by comparing 𝐴𝑆and 𝐴𝑊. A significant difference between 𝐴𝑆and 𝐴𝑊is observed in 
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the UTCI range of 16.5–26.0℃, suggesting more acceptable effects of sun conditions felt by 

subjects. While AW rapidly increases from -0.3 to 0.5 with increasing UTCI, 𝐴𝑆decreases slightly 

from 1.0 to 0.8. Considering that the expected MTSV discussed in Section 2.4 increases with 

increasing UTCI, it can be verified that effects of varying wind speeds reflected by 𝐴𝑊in this 

UTCI range are predominant on thermal sensations of subjects.  Therefore, wind conditions play 

a dominant role on subjects for UTCI of less than 26.0℃, whereas the effects of sun conditions on 

subjects are stable.  

At UTCI of higher than 26.0℃, although 𝐴𝑆is greater than 𝐴𝑊, the difference between 

𝐴𝑆and 𝐴𝑊decreases with increasing UTCI, and the black curve representing 𝐴𝑆is sharper than 

the red curve representing 𝐴𝑊with varying UTCI. The result is that the degree of sun acceptability 

and wind acceptability perceived by subjects are significantly different initially, and sun conditions 

are much more acceptable than wind conditions.  

However, as the UTCI increases, this difference becomes small, and the degree of 

acceptability of sun conditions rapidly decrease, suggesting that subjects are more sensitive to 

effects of sun conditions with increasing UTCI. Therefore, sun conditions play a dominant role on 

influencing thermal perceptions of subjects at UTCI of higher than 26.0℃. A fast and effective 

method to improve outdoor thermal environments with a UTCI value of larger than 26.0℃ is to 

add shadings and weaken strong sun conditions. Nevertheless, the effects of wind conditions on 

subjects are always less acceptable than those of sun conditions, and wind conditions should be 

improved as subjects’ desire in any case. The results shown in Figure 2.8 can provide intuitive 

suggestions for urban designers for optimizing wind or sun conditions to improve thermal comfort 

at a given UTCI.  
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Except for suggestions for optimizing wind or sun conditions, acceptable UTCI ranges of 

16.5–35.0℃ and 18.5–32.5℃ determined by 𝐴𝑆and 𝐴𝑊of higher than 0, respectively, are also 

helpful for urban design. The acceptable UTCI range where wind conditions are acceptable is 

lower than that where sun conditions are acceptable, which indicates less satisfaction of subjects 

with effects of wind conditions than with sun conditions. Additionally, in the warm-biased 

conditions corresponding to the UTCI range from 32.5℃ and 35.0℃ in Hong Kong, it seems that 

people felt warm primarily because they felt that there was a lack of breeze rather than to blame 

the sun. In general, to achieve acceptable outdoor thermal environments by urban designers, 

acceptable UTCI range with acceptable sun conditions should be satisfied by urban interventions 

at least.  

As discussed in Section 2.4, another acceptable UTCI range of 20.0℃-32.5℃ is determined 

by expected MTSV values of between -1 and 1. It is interesting to note that a larger acceptable 

UTCI range was determined using 𝐴𝑆and 𝐴𝑊 than the expected MTSV. As indicated by the 

correlation between the UTCI and expected MTSV shown in Figure 2.7, the expected MTSV 

corresponding to the UTCI ranges determined with the 𝐴𝑆and 𝐴𝑊is slightly outside the range of 

-1 to 1. These results suggest that microclimate environments where subjects’ thermal sensations 

are slightly higher than 1 (slightly warm) or lower than -1 (slightly cool) can still be acceptable as 

a result of acceptable sun or wind conditions of those microclimate environments.  

Therefore, an acceptable UTCI range or microclimate environment can be determined by 

different principles. If there is a high requirement of outdoor thermal comfort in a place, the 

acceptable UTCI range determined by expected MTSV should be controlled. Otherwise, 

microclimate environments can be accepted by subjects as long as the corresponding UTCI ranges 
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are acceptable UTCI ranges with acceptable sun or wind conditions which can be satisfied by urban 

interventions.  

2.7 Summary 

This chapter conducted an advanced assessment of outdoor thermal comfort through 

simultaneous physical measurements and questionnaire surveys. The surveyed thermal sensations 

and sun and wind desirability responding to the UTCI was discussed, and the influences of sun and 

wind conditions on subjects at varying UTCI were intuitively revealed via the sun and wind 

acceptability parameter in this study. The following conclusions in this chapter can be drawn: 

The surveyed thermal sensation responding to the UTCI depends on the desirability of sun 

and wind conditions (𝐷𝑆  and 𝐷𝑤 ) of subjects. Subjects desiring more sun or less wind felt 

significantly cooler than subjects desiring less sun or more wind at the same UTCI value. This is 

due to subjects’ psychological attitudes toward sun and wind conditions or the stronger sensitivity 

of subjects to sun and wind conditions than that of the UTCI. Additionally, differences in thermal 

sensations caused by wind desirability are larger than those caused by sun desirability.  

The probability of subjects’ 𝐷𝑆 and 𝐷𝑤 fit well with the UTCI in logistic regressions. The 

expected MTSV versus UTCI determined considering the effects of 𝐷𝑆  and 𝐷𝑤  on thermal 

sensations and 𝑃𝐷𝑠and 𝑃𝐷𝑤versus UTCI is better agreed with the surveyed MTSV than the fitted 

MTSV obtained from the direct linear regression between the UTCI and surveyed MTSV does. 

Effects of microclimate environments on subjects estimated by UTCI most likely to lead to the 

expected MTSV.   
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The acceptability of sun and wind conditions for subjects (𝐴𝑆and 𝐴𝑊, respectively) were 

derived from 𝐷𝑆, 𝐷𝑤, and TCV, and intuitively reveal the influences of sun and wind conditions 

on subjects with varying UTCI. Acceptable UTCI ranges of 16.5–35.0℃ and 18.5–32.5℃ are 

determined by acceptable sun conditions and wind conditions respectively. For UTCI of lower 

than 26.0℃, wind conditions were dominant in influencing subjects’ thermal perception. The 

change of wind speed is effective to change thermal perceptions under this condition. In contrast, 

the effects of sun conditions on subjects were dominant at UTCI of greater than 26.0℃, and a fast 

and effective method to improve outdoor thermal comfort is to change sun conditions. 

Nevertheless, the effects of wind conditions were less satisfied by subjects than those of sun 

conditions and needed to be modified in any case.  

It should be cautioned that the conclusions given in this study may not be universally suitable 

for different groups of people, as the study was done for young and middle-aged people in a 

particular subtropical climate region. The results of this study can provide useful information for 

urban designers to determine how to improve outdoor thermal comfort and suggest further outdoor 

thermal comfort studies.       
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Chapter 3 Exploration of applicability of UTCI and thermally comfortable 

sun and wind conditions outdoors in a subtropical city of Hong Kong 

3.1 Graphic highlight 

Illustrated from the results in Chapter 2, prediction of outdoor thermal sensations with UTCI 

depended on subjects’ desirability of sun and wind conditions. To furtherly validate the 

applicability of UTCI, meteorological effects on thermal comfort evaluated by UTCI and those 

perceived directly by surveyed thermal sensations were compared. Given the top factors 

influencing surveyed thermal sensation, we developed a Combined Sun and Wind Index to 

optimize the combination of sun and wind conditions for thermal comfort, under a wide air 

temperature range. The index can be used as a supplemental index for thermal comfort evaluation, 

and to facilitate the urban designers to take actions for improving sun and wind conditions for 

thermal comfort. The following graph highlight the innovation and significance of this study.  
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3.2 Methodology 

3.2.1 Field survey 

The field surveys including simultaneous microclimate monitoring and questionnaire survey 

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

autumn, and winter during March 2016 to March 2018. Four typical outdoor sites were selected 

throughout the campus based on having various microclimate environments (Figure 3.1), including 

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

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

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

conducted respectively for 29 and 27 days over the period March 2016 to March 2018, and those 

in the semi-OPEN areas were conducted for 7 days during November 2017 to March 2018. For 
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the field survey at each site, subjects were asked to experience microclimate environments for 15 

min and then fill in the questionnaire, while the microclimate parameters of the site were monitored 

at the same time. On each day in each site, around six sets of data were collected in the time slot 

13:00-15:00.  

The microclimate parameters measured and questionnaire survey in this chapter were same 

like those in Section 2.2.2. The collected average clothing insulation is 0.53clo with the standard 

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

of 0.19M.  

 

Figure 3. 1 Selected outdoor places for the field survey 
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3.2.2 Data analysis  

3.2.2.1 Index 

UTCI was also applied in this study to evaluate outdoor thermal comfort in the subtropical 

Hong Kong, and the Tmrt was determined with six-directional radiations collected from field 

surveys (Eq. 1.7). Wind speed at 10m above ground (v10) is calculated with Eq. (1.7).  

3.2.2.2 Sun and wind desirability (DS/W) 

As introduced in Section 3.2.1.2, there are three votes for the sun desirability (DS): DS=1, 

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

simultaneously reflect the desire of subjects to change or maintain the sun and wind conditions, 

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

corresponding explanations of the ordered categorical variable DS/W are listed in Table 3.1. In Table 

3.1, DS/W ≤0.7 demonstrates subjects’ desire for either more wind speed and/or less sunlight, and 

DS/W ≥1.5 indicates subjects’ desire for either more sunlight and/or less wind speed. DS/W=1.0 only 

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

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

(DW=3) and more sunlight (DS=3).  

 

 

 

 



 

90 

 

Table 3. 1 Value of DS/W and the corresponding explanation  

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) 

  

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

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

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

sunlight. As a result, people who desire more sunlight feel cooler than those who desire less 

sunlight responding to the same sun conditions. Therefore, in this chapter, DS/W is regarded as an 

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

combined sun and wind conditions for thermal comfort.  

3.2.2.3 Multiple linear regression analysis 

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

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

the multiple linear regression analysis (Montgomery et al., 2012). The multiple linear regression 

analysis was conducted by relating these parameters to surveyed thermal sensations and UTCI in 

the software SPSS 24.0. The stepwise regression method (Montgomery et al., 2012) was adopted 
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to avoid the collinearity of parameters and select the significant parameters determining the 

subjective TSV and UTCI.  

The absolute values of standardized coefficients (Mosteller & Tukey, 1977) of parameters 

obtained from the regression analysis were used to rank the importance of parameters influencing 

subjective TSV or estimated by UTCI. The parameter weight analysis was derived from the index 

weight analysis (Zhuang et al., 2006) which analyzes the weight of different indices in multi-

criteria synthetically assessment of a system. In other words, index weight analysis is to determine 

the relative influences of different indices in the synthetical assessment. Similar as one of the 

calculations of the index weight (Liu & Liu, 2006), the parameter weight was calculated by 

dividing the absolute value of a parameter’s standard coefficient by sum of absolute values of all 

parameters’ standard coefficients. Accordingly, parameter weight is to reveal the relative 

influences of different parameters in subjective TSV and those estimated by UTCI.  

3.2.2.4 Data standardization 

In this chapter, two data standardization methods were adopted for the data analysis (Dunn, 

2014). One is the Z-core standardization method expressed by Eq. (3.1) and is used for comparing 

variations of the UTCI and the surveyed TSV with changes in meteorological and personal 

parameters. This standardization method adjusts data with different units or measured on different 

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

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

compared. This method is also the default method in the multiple linear regression analysis to 

standardize UTCI and surveyed TSV.  
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X′ =
𝑋−𝜇

𝜎
                                               (3.1)                                                                                                                    

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

standard deviation of X in a dataset. 

The other one is the 0-1 scaling standardization method expressed as Eq. (3.2). It is used for 

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

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

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

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

X′ =
𝑋−𝑋𝑚𝑖𝑛

𝑋𝑚𝑎𝑥−𝑋𝑚𝑖𝑛
                                             (3.2) 

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

is the maximum value of X in a dataset. 

3.3 Meteorological conditions 

Table 3.2 summarizes the microclimate conditions collected in four sites during the field 

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

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

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

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

27.5℃ and 21.2℃, respectively. Lower average Tmrt and larger average v are investigated in Site 

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

or Site 3 with a basin type is characterized by low Tmrt and high v. Wide ranges of meteorological 
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parameters reflecting the climate features of Hong Kong were collected in this study with Ta from 

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

Table 3. 2 Microclimate conditions collected in this study  

 

3.4 UTCI and surveyed TSV against meteorological parameters 

As introduced in section 3.2.1, microclimate monitoring and questionnaire survey were 

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

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

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

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 

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

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 

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

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

TSVs (MTSVs) were then standardized using the Z-score method. The standardized average UTCI 
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(UTCI’) and the standardized MTSV (MTSV’) at varying of Tmrt, v, and Ta were thus compared with 

each other in Figure 3.2. 

Figure 3.2a shows the variations of the UTCI’ and MTSV’ versus Tmrt and v at Ta ≤20.0℃. 

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

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

wind speed ranges. Figure 3.2b depicts the variations of UTCI’ and MTSV’ with changes in v and 

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

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

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

Figure 3.2c displays the variations of the UTCI’ and MTSV’ against v and Tmrt under 

Ta >30.0℃. It can be seen that the UTCI’ increases slowly at first and then rapidly with increasing 

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

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

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

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

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

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

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



 

95 

 

 

                                                (a) 

 

                                                  (b) 
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                                                      (c) 

Figure 3. 2 Variations of the UTCI’ and MTSV’ against Tmrt and v at different Ta ranges: a) Ta 

≤20.0℃; b) 20.0℃<Ta≤30.0℃; c) Ta >30.0℃ 

3.5 Impacts of factors evaluated by surveyed TSV and those estimated by UTCI  

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

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

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

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

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

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

respectively, and Table 3.3 shows the stepwise regression results at Ta≤20.0℃. The parameters in 

Table 3.3 are all significant parameters determining subjective TSV and UTCI after stepwise 

regression analysis. The variance inflation factor (VIF) values indicate no collinearity among 
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parameters in Table 3.3. The standardized coefficient and parameter weight are obtained after the 

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

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

UTCI.  

From Table. 3.3, it is noted that the subjective TSV is mainly influenced by Ta, DS/W, v, and 

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

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

standardized coefficient, DS/W has negative effects on the TSV. It is demonstrated that subjects feel 

hot as they desire more wind or/and less sunlight and feel cold as they desire less wind or/and more 

sun.  Based on the absolute values of standardized coefficients and parameter weights, Ta is the 

major factor influencing the subjective TSV and followed by DS/W, whereas influences of Tmrt 

estimated by UTCI are crucial. The results agree with the observations in Figure 3.4a that UTCI’ 

is more sensitive to the Tmrt than the MTSV’ be at Ta≤20.0℃. In summary, at Ta≤20.0℃, the 

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

influences of the DS/W are not considered by UTCI. 

Table 3. 3 Multiple linear regression analysis for the UTCI and surveyed TSV at Ta≤20.0℃  
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Table. 3.4 shows the stepwise regression results at 20.0℃<Ta≤30.0℃. The subjective TSV is 

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

important based on its standardized coefficient. R2 of the regression models for the surveyed TSV 

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

the major factor influencing the subjective TSV, whereas effects of Ta estimated by UTCI become 

crucial. Similar variations of the MTSV’ and UTCI’ in Figure 3.2b might be caused by similar 

integrated effects of parameters felt by subjects and those estimated by UTCI, regardless of the 

individual influences of these parameters in the subjective TSV and those estimated by UTCI. Even 

so, subjects are less sensitive to RH and Ta than the UTCI be at 20.0℃<Ta≤30.0℃, and the 

influences of DS/W are not considered by UTCI as well.  

Table 3. 4 Multiple linear regression analysis for the UTCI and surveyed TSV at 20.0℃<Ta≤30.0℃  
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Table. 3.5 shows the stepwise regression results at Ta>30.0℃. R2 of the regression models 

for the surveyed TSV and UTCI are 0.495 and 0.956, respectively. It is interesting to note that 

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

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

influences of Tmrt and v in the subjective TSV are more significant than those estimated by UTCI 

based on the parameter weights. Therefore, with the same changes in Tmrt or v, larger variation of 

the TSV than that of the UTCI can be observed in Figure 3.2c.  

Table 3. 5 Multiple linear regression analysis for the UTCI and surveyed TSV at Ta>30.0℃  



 

100 

 

 

Indicated by R2 values in Tables 3.3-3.5, the relationship between the parameters and the 

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

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

personal parameters but also by other unexplored parameters. Beyond that, linear dependency of 

surveyed TSV on discussed parameters was not as strong as that of UTCI based on the premise that 

TSV and UTCI are the same concept. According to the parameter weights, the influence of Tmrt in 

the subjective TSV increases with increasing Ta, and subjects are more sensitive to v under Ta>30.0℃ 

and Ta≤20.0℃ than under 20.0℃<Ta≤30.0℃. However, influences of v and Tmrt estimated by 

UTCI decreases with increasing Ta.  

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

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

thermal sensations are not purely influenced by physical effects of Tmrt and v but also desirability 

of Tmrt and v, which is not considered by UTCI. RH is significant for determining the UTCI but 

found less effective in changing TSV. The average RH collected in this study is 61.8% with the 
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standard deviation of 14.3%. It is assumed that subjects’ adaptability to humid climate in Hong 

Kong has made them less sensitive to changes in RH.  

Table. 3.6 shows the stepwise regression results in all collected microclimate environments. 

It is verified that Tmrt, DS/W, and v are the top three factors influencing the thermal sensation of 

people conducting moderate activities in outdoor environments in Hong Kong. However, the Ta, 

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

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

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

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

make people comfortable under a wide air temperature range. 

Table 3. 6 Multiple linear regression analysis for the UTCI and surveyed TSV in all microclimate 

environments 
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3.6 Thermally comfortable combinations of sun and wind conditions in Hong Kong  

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

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

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

developed in this study (Eq. 3.3).  The SWI is used to assess the outdoor thermal comfort in 

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

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

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

Kong.  

SWI = 𝑇𝑚𝑟𝑡
′ − 𝑣′ 

 =
𝑇𝑚𝑟𝑡 −Min(𝑇𝑚𝑟𝑡)

𝑀𝑎𝑥(𝑇𝑚𝑟𝑡) − 𝑀𝑖𝑛(𝑇𝑚𝑟𝑡)
⁄ − 𝑣 −𝑀𝑖𝑛(𝑣)

𝑀𝑎𝑥(𝑣) −𝑀𝑖𝑛(𝑣)⁄  

=
𝑇𝑚𝑟𝑡 − 12.0

64.0 − 12.0⁄ − 𝑣 − 0
4.0 − 0⁄  

 =
𝑇𝑚𝑟𝑡−12.0

52.0
−

𝑣

4.0
                                    (3.3) 

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

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

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

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

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

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

0.1, and so on. The surveyed TSVs were averaged for each SWI unit and the averaged TSVs was 
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presented as TSV’. The percentage of DS/W ≤0.7 indicating subjects’ desires for either less sunlight 

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

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

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

unit.  

Figure 3.3a shows the TSV’ and percentages of TCV≥1, DS/W ≠1.0, DS/W ≤0.7 and DS/W ≥1.5 

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

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

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

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

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

Figure 3.3a, at Ta≤26.0℃, the thermally comfortable combined sun and wind conditions are found 

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

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

comfortable SWI range at Ta≤26.0℃.  

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

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

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

predominant at lower SWI. The results reflect subjects’ direct evaluation to sun and wind 

conditions and their desires of becoming more comfortable by changes in sun and wind conditions. 

As SWI is higher than 0.3, the sudden decrease of thermal comfort and increase of TSV’ and desires 

for either less sunlight and/or more wind (DS/W ≤0.7) are observed. Therefore, although still 40%-

50% percent of subjects exhibit high expectations of either more sunlight and/or less wind (DS/W 
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≥1.5) at the comfortable SWI range, neutral thermal environments with the sun condition slightly 

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

 

                                                                    a) 
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                                                                    b) 

Figure 3. 3 Averaged thermal sensation (TSV’), percentages of thermal comfort (TCV≥1) and 

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

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

Figure 3.3b shows the TSV’ and percentages of TCV≥1, DS/W ≠1.0, DS/W ≤0.7 and DS/W ≥1.5 

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

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

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

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

TSV’ in Figure 3.3b is higher than that in Figure 3.3a as regarding to the same SWI unit. The 

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

most comfortable SWI range at Ta>26.0℃.  

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

≤0.7) are predominant at almost all SWI at Ta>26.0℃, which is perhaps resulted from the effects 

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

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

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

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

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

When comparing Figure 3.3a and Figure 3.3b, comfortable SWI range at Ta>26.0℃ (-0.3-0.2) 

is larger than that at Ta≤26.0℃ (-0.1-0.2), indicating the importance of stronger wind conditions 

in hot days in Hong Kong and relatively high tolerance of subjects with sun conditions. 
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Additionally, the maximum percentage of TCV≥1 observed at Ta>26.0℃ is larger than that 

observed at Ta≤26.0℃. It is perhaps due to that relatively strong wind conditions at Ta>26.0℃ not 

only efficiently take away heat from subjects, but dry moist skin caused by hot-humid days and 

produce cool stimulus to subjects, which could amplify subjects’ comfortable feelings in hot days. 

However, strong wind conditions at Ta≤26.0℃ can bring uncomfortable drafts feelings to subjects. 

Relatively strong sun conditions in cool days may only increase warm without extra stimulus to 

subjects as wind conditions do in hot days.  

The asymmetrical distributions of TCV≥1 and TSV’ against SWI are observed in Figure 3.3. 

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

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

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

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

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

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

effects of solar radiation.  

From Figure 3.3, the thermally comfortable combinations of sun and wind conditions 

regarding the SWI range of -0.1-0.2 are found applicable to a wide air temperature range of 12.0℃-

36.0℃. Therefore, suitable combinations of sun and wind conditions can help more than 50.0% of 

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

findings above, intuitive guidance on thermally comfortable combinations of sun and wind 

conditions is provided by Figure 3.4.  
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Figure 3.4a is a coordinate graph of v and Tmrt regarding the SWI units of the thermally 

comfortable SWI range. Fig. 3.4b is the v-Tmrt diagram for thermal comfort derived from Figure 

3.4a based on the correlation between v and Tmrt in Figure 3.4a. The lines 2 and 4 in Fig. 3.4a are 

regressed with the point data of SWI≈-0.1 and SWI≈0.2 and expressed as Eqs. (3.4) and (3.6), 

respectively. The parameter ranges of 12.0≤Tmrt≤60.0℃ and 0<v≤3.5m/s were set and the above 

two lines were transformed into the lines 2’ and 4’ in Figure 3.4b. The lines 2’ and 4’ are regarded 

as two benchmarks of thermally comfortable combinations of v and Tmrt at Ta range of 12.0-36.0℃. 

With the other two benchmarks of 3.5m/s for v and 60.0℃ for Tmrt, respectively, the thermal 

comfort zone 2 is drawn in Figure 3.4b. 

Line 3 is regressed with the point data of SWI≈0.1 in Figure 3.4a, and expressed as Eqs. (3.5). 

As discussed above, the most comfortable SWI range of -0.3-(-0.1) and that of 0.1-0.2 were found 

at Ta>26.0℃ and Ta≤26.0℃, respectively. Therefore, in Figure 3.4b, the line 3’ corresponding to 

line 3 is regarded as the lower benchmarks of the most comfortable combinations of v and Tmrt at 

Ta≤26.0℃. Despite that there is no regression line of v and Tmrt for SWI≈-0.3, the Tmrt under 

Ta>26.0℃ should be larger than or equal to 26.0℃, and the wind speed should be larger than that 

corresponding to Tmrt=26.0℃ on line 2. As a result, the possible line 1’ can be depicted in Figure 

3.4b. With the benchmarks of 3.5m/s for v and 60.0℃ for Tmrt, the possible comfort zone 1 under 

Ta>26.0℃ and most comfortable zone 3 under Ta≤26.0℃ are figured out in Figure 3.4b, 

respectively.  



 

108 

 

10
.0

15
.0

20
.0

25
.0

30
.0

35
.0

40
.0

45
.0

50
.0

55
.0

60
.0

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Tmrt (C)

v
 (

m
/s

)

SWI-0.1

SWI0.1

SWI0.2

SWI-0.3

Line 2,R2=0.95

Line 3,R2=0.92

Line 4,R2=0.90

 

  

a) 

                                                                     

b) 



 

109 

 

Figure 3. 4 Thermally comfortable combinations of sun and wind conditions at Ta ranging from 

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

Line 2: v = 0.076 ∗ 𝑇𝑚𝑟𝑡 − 0.529(𝑅2 = 0.81)                                  (3.4) 

Line 3: v = 0.079 ∗ 𝑇𝑚𝑟𝑡 − 1.378(𝑅2 = 0.92)                                  (3.5) 

Line 4: v = 0.072 ∗ 𝑇𝑚𝑟𝑡 − 1.570(𝑅2 = 0.97)                                  (3.6) 

The v-Tmrt diagram (Figure 3.4b) depicts a simplified thermal comfort zone derived from the 

thermally comfortable combinations of v and Tmrt at a wide air temperature range. It can be seen 

from line 1’ to line 4’ that effects of v and Tmrt make up for each other to keep comfortable thermal 

environment. The influences of higher v in subjects can make up the influences of higher Tmrt and 

vice versa. Zone 2 provides useful guidance on how to properly combine v and Tmrt to achieve 

thermal comfort in urban areas under a wide air temperature range. Zone 1 and Zone 3 demonstrate 

how to furtherly satisfy people by suitable combinations of sun and wind conditions in hot and 

cold days. It can be seen that the design of outdoor places which can properly combine and control 

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

is available in the urban areas in Hong Kong, there would be still more than 50% of people feeling 

comfortable within the Tmrt range of 26.7-42.6℃. The most comfortable Tmrt ranges are 17.3-26.7℃ 

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

3.7 Summary 

In this chapter, we proposed a novel approach to discuss the applicability of UTCI in 

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

thermal comfort in respective of the combined sun and wind conditions. To explore the 
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applicability of UTCI, we compared the variations of subjective TSV and UTCI with the changing 

meteorological and personal parameters, and identified significant factors influencing the 

subjective TSV and those estimated by UTCI. The analysis conducted in this study were based on 

the data derived from simultaneous meteorological measurements and questionnaire surveys in 

subtropical Hong Kong. Therefore, the concept that UTCI needs to be improved in some respects 

should be cautioned in other climate regions.  

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

index is subsequently formulated to evaluate outdoor thermal comfort in respective of the 

combined sun and wind conditions. The advantage of this index is that it’s quite straightforward 

and helpful in guiding how to properly combine sun and wind conditions in design stage for 

thermal comfort in urban areas. However, the limitation is that the comfortable combined sun and 

wind conditions derived in this study are applicable to short-term outdoor exposure. Nevertheless, 

following conclusions were reached in this chapter: 

The discrepancies are found between influences of traditional meteorological and personal 

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

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

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

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

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

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

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

adaptive clothes-wearing based on air temperature and their short-term and longitude adaptability 
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to subtropical hot-humid climate in Hong Kong, have made air temperature and relative humidity 

outdoors fewer influencing factors than those estimated by UTCI. The applicability of UTCI in 

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

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

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

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

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

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

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

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

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

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

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

radiation. 

The v-Tmrt diagram, derived from the thermally comfortable combined Tmrt and v, proposes 

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

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

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

guidance on the urban designs in Hong Kong. 

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

study, focusing on calibrating their evaluations on influences of meteorological parameters in 

human thermal responses in hot-humid climate regions, and considering influences of 
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psychological factors. Furthermore, future studies on enriching comfortable combined sun and 

wind conditions based on more subjects, more outdoor places, more climate regions and longer 

outdoor exposure time should be conducted under the context of global warming.    
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Chapter 4 Dynamic effects of frequent step changes in outdoor 

microclimate environments on thermal responses during summer 

4.1 Graphic highlight 

In previous two chapters, we evaluated outdoor thermal comfort when people spending a 

certain time in one place. In fourth and fifth chapters, we furtherly evaluated thermal comfort when 

people exposing to frequently spatiotemporal changes in microclimate environments. Thus, the 

dynamic outdoor thermal comfort in urban forest was explored. In this chapter we developed an 

equivalent UTCI* to make up for deficiencies of UTCI in catching the impacts of sun and wind 

conditions, and it was used to describe the heat stress of environments with microclimatic step 

changes.  
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4.2 Methodology 

4.2.1 Alternating exposure experiments  

The experiments were conducted in outdoor space contained 4 adjacent places A, B, C and D 

on campus of a university in May, July and September, 2018 in Hong Kong (Figure 4.1). 

According to the Köppen-Geiger climate classification, Hong Kong has a hot-humid subtropical 

climate (Cwa). Thermal condition difference between sunlight exposure and shade in months from 

May to July is supposed to be large. The annual average daily maximum temperature between May 

and September (1998-2020) is 32.2℃, and the relative humidity is about 70%.  

The place A is an open area exposed directly to solar radiation during most time of a day, 

while place B is an area in the shade of a large tree. The place C is an underground beneath a lift-

up building (UEB) which is characterized with weak solar radiation and strong wind velocity. 

Place D is a semi-open area beneath a glass canopy with sunlight pouring down through. In this 

study, places B and C were collectively called shades, and places A and D were collectively called 

sunlight exposures. 48 healthy college students with 20 females and 28 males were recruited as 

subjects to participate in the experiments. Subjects were asked to expose alternately to sunlight 

and shade formed by four adjacent places. The procedure was shown in Table 4.1. Due to contract 

thermal conditions in shade and sunlight, walking from shade to sunlight and from sunlight to 

shade were treated as a downward and an upward step change in thermal condition, respectively. 

 



 

116 

 

 

Figure 4. 1 Locations of selected measurement and survey places. (Place A: Open area; Place B: 

Tree shade; Place C: UEB; Place D: Semi-open area). 

To simulate a person being alternately exposed to cool-biased and warm-biased environments 

during outdoor activities on hot days, subjects were required to alternate their exposures to sunlight 

and shade at a designed frequency within 45 minutes. The 45-minutes experiment time period was 

designed to study outdoor thermal perceptions in a relevant time scale of public space usage and 

daily outdoor activities of citizens (Cheung et al., 2018). Five frequencies were designed in this 

study, and it was to quantify and simplify the dynamic thermal environments as frequent step 

changes in microclimate environments encountered by pedestrians’ alternating exposures to shade 

and sunlight. 

The designed frequencies were based on the assumption in the introduction that a sequential 

downward step change appears within the time required to achieve steady state might assist in 

relieving the heat stress on hot days. To generate different alternating frequencies, the time 

exposure in the shade was set to be either longer or shorter than that in sunlight, or to be the same 
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as that in sunlight, which was compatible with the real exposure duration when conducting outdoor 

activities. Accordingly, the experiment setup was intended to offer quantification and 

simplification approaches for analyzing dynamic thermal conditions.  

Table 4.1 shows the procedure of subjects’ alternating exposures to sunlight and shade during 

experiments. To form five alternating frequencies, five experiment types characterized with 

different exposure time in sunlight and shade were designed. In the study, three different 

combinations of four places were used to create shade and sunshine: combination 1: place D 

(sunlight) & place C (shade), combination 2: place A (sunlight) & place B (shade), and 

combination 3: place A (sunlight) & place C (shade). One sequential exposure from sunlight to 

shade was defined as one sunlight and shade round as shown in Table 4.1. All experiments started 

from sunlight exposure and ended at sunlight exposure, and the exposure period in a round was 

shorter than 10 minutes to achieve steady state.  
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Table 4. 1 Introduction of alternating exposure experiment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Sunlight Shade Sunlight Shade Sunlight Shade Sunlight Shade Sunlight Shade Sunlight Shade Sunlight Shade Sunlight 

Sequence 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Round 1 2 3 4 5 6 7 8 

Experiment 

type1 
1min 1min 1min 1min 1min 1min 1min 1min 1min 1min 1min 1min 1min 1min 1min 

Experiment 

type2 
3min 6min 3min 6min 3min 6min 3min 6min 3min       

Experiment 

type3 
3min 3min 3min 3min 3min 3min 3min 3min 3min 3min 3min 3min 3min 3min 3min 

Experiment 

type4 
6min 3min 6min 3min 6min 3min 6min 3min 6min       

Experiment 

type5 
4min 1min 4min 1min 4min 1min 4min 1min 4min 1min 4min 1min 4min 1min 4min 
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Table 4. 2 Information of each alternating exposure experiment 

 

Alternating 

type (i) 

Experiment date/Time 

Period 

Combination of shade 

and sunlight 

Exposure time in 

sunlight for each 

round (Ts_i) 

Exposure time in 

shade for each 

round (Tsh_i) 

Exposure time for 

each round (Ti) 
Round 

Experiment 

duration 

Alternating 

frequency (Fi) 

1 

5/24_14:00-15:00 1 (D&C) 

1 min 1 min 2 min 7 15 min 0.5 7/29_12:00-13:00 2 (A&B) 

7/29_13:30-14:30 3 (A&C) 

2 

5/17_14:00-15:00 1 (D&C) 

3 min 6 min 9 min 4 39 min 0.22 5/24_11:00-12:00 2 (A&B) 

9/14_14:00-15:00 3 (A&C) 

3 

5/16_14:00-15:00 1 (D&C) 

3 min 3 min 6 min 7 45 min 0.17 
7/29_14:30-15:30 2 (A&B) 

9/11_14:30-15:30 3 (A&C) 

5/17_13:00-14:00 3 (A&C) 

4 

7/22_12:30-13:30 1 (B&C) 

6 min 3 min 9 min 4 42 min 0.06 9/14_14:30-15:30 2 (A&B) 

9/14_13:00-14:00 3 (A&C) 

5 

7/28_11:00-12:00 1 (B&C) 

4 min 1 min 5 min 7 39 min 0.05 7/28_14:00-15:00 2 (A&B) 

7/29_14:00-14:30 3 (A&C) 
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Table 4.2 summarized the information of experiments in this study. As shown in Table 4.2, 

for each sunlight and shade combination, five experiment types were carried out on different days. 

The selected experiment days had similar weather conditions. Each experiment conducted in the 

afternoon had no more than 8 rounds and lasted for about 45 minutes. The alternating frequency 

in Table 2 was defined based on the exposure periods in shade and sunlight in one experiment type, 

and was calculated by the following equation (4.1).  

𝐹𝑖 =
𝑇𝑠ℎ_𝑖/𝑇𝑠_𝑖

𝑇𝑖
                                                    (4.1) 

    The items in Eq. (4.1) were explained in the Table 4.2. The ratio of 𝑇𝑠ℎ_𝑖 and 𝑇𝑖 in Eq. (4.1) 

indicates the shade exposure opportunity, and the ratio of 
𝑇𝑠ℎ_𝑖

𝑇𝑖
 and 𝑇𝑠_𝑖 indicates the opportunity 

for shade exposure per time unit of sunlight exposure; in other words, the intensity of shade 

exposure dependent on sunlight exposure time. As a result of the decreased 𝐹𝑖  value, the 

opportunity or possibility for the next shade exposure was reduced after one minute of sunlight 

exposure. The proposal of 𝐹𝑖  is to distinguish the conditions with the same ratio of sunlight 

exposure time to shade exposure time, and to investigate the possible impacts of alternating 

frequency and exposure duration on dynamic thermal responses. As a result, in this study, 𝐹𝑖 is 

applied to describe the frequency of step changes or the intensity of shade exposure in a more 

reasonable way. 

4.2.2 Microclimate monitoring and questionnaire survey  

    Subjects in this study were required to wear short-sleeved T-shirts, short trousers and sports 

shoes when engaging in experiments. Thus the clothing insulation in this study was controlled at 

0.4 clo, the typical summer clothing insulation, to avoid the extra impacts of clothing insulation 
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on thermal perceptions. They were then informed to be seated or take a stroll in the experiment 

with the metabolic rate ranging from 1.2 to 1.3. Subjects were asked to fill in questionnaire 

consisted of four questions: ASHRAE 7-point Thermal Sensation Vote (TSV), Thermal Comfort 

Vote (TCV), Desire for changing Wind/Solar conditions. The scale of questionnaire is shown in 

Table 4.3  

Table 4. 3 The scales of four questions 

1.Please describe your current thermal sensation 

 

2. Please describe your current thermal comfort level 

 

3. Want to reduce the current solar radiation? 

0 No 1 Yes 

4. Want to amplify the current wind need? 

0 No 1 Yes 

 

The meteorological parameters in shade and sunlight during experiments were collected by 

two sets of mini-weather stations shown in Chapter 2, Figure 2.2. It should be noted that the 

weather station and subjects in place B were in a limited space under the large tree shade in which 

the radiations from six directions were assumed to be uniform and unchanged within the 
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experiment period. Collected meteorological data was averaged into a 10-secondes interval by two 

mini-weather stations. The specification of measurement instruments and the collected 

environmental parameters were same as those in Chapter 2 and Chapter 3 except the black bulb 

thermometer.  

The black bulb thermometer (Lutron WBGT-2010SD) used in chapter 4 and chapter 5 has a 

diameter of 75mm and an accuracy of ±0.1 ℃, which was also suggested by ASHRAE handbook. 

The mean radiant temperature thus calculated using the method from globe temperature in Eq. 

(1.9). The Tmrt calculated from the globe temperature was then adjusted through calibration with 

three Kipp & Zonen CNR4 net radiometers. (see Appendix A) 

There are two phases in one experiment. Taking the condition in which subjects exposed 

alternately to place A and place B, as an example: 1) the setup phase (10min). Subjects stayed in 

an indoor lobby of a teaching building with an air temperature of 28℃ for 10 min; 2) the phase of 

frequently alternating exposure to sunlight (place A) and shade (place B) at required frequencies 

introduced in Table 4.1 and Table 4.2. If the exposure time in sunlight or shade was larger than 1 

minute, subjects were asked to fill in questionnaires in first minute after entering sunlight or shade 

and in last minute before leaving the sunlight or shade. Otherwise, they were asked to only fill in 

one questionnaire. Therefore, 872 valid questionnaires were returned for the analysis.  

4.2.3 Index for assessing dynamic outdoor thermal comfort 

4.2.3.1 Universal Thermal Climate Index and Dynamic Thermal Sensation 

UTCI was also applied in this study to assess the thermal comfort of subjects’ being exposed 

sunlight and shade cycles. Besides, Dynamic Thermal Sensation (DTS) was applied to reflect 
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dynamically predicted physiological variables of the bodily thermal states by Fiala multi-node 

model. Rather than directly calculate the DTS value with skin temperature and hypothalamus 

temperature, it is determined based on its empirical relationship with UTCI (Figure 4.2) (Bröde, 

Fiala, et al., 2012b). For the comparison, the predicted thermal sensation vote (PTSV) under 

relatively steady status (exposure time of 15 minutes outdoors) was determined by UTCI on the 

basis of Eq. (4.2) which was obtained in Chapter 2. Therefore, in this chapter we applied UTCI, 

PTSV and DTS to evaluate the thermal responses as subjects being exposed to frequent sunlight 

and shade step changes. 

 

 

Figure 4. 2 Dynamic thermal sensation (DTS) averaged over 2 h exposure time related to UTCI 

(Bröde et al., 2012) 

𝑃𝑇𝑆𝑉 = 0.1332𝑈𝑇𝐶𝐼 − 3.6039                                        (4.2)  
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Step changing environments in this study were defined as environments with frequent 

changes in solar radiation and wind speed. Therefore, the Combined Sun and Wind Conditions 

Index (SWI) developed in Chapter 2 was applied to characterize the sun and wind conditions during 

step changes. The air temperature ranging from 28.0℃ to 33.0℃ in this study was located in the 

air temperature range from 12.0℃ to 36.0℃ for applying SWI. SWI was designed as a 

supplemental index to assess outdoor thermal comfort if the traditional thermal comfort index was 

limited to capture the effects of sun and wind conditions on thermal responses. 

4.2.3.2 Thermal dissatisfaction  

A conception of thermal dissatisfaction was proposed in this chapter based on answers of 

thermal comfort vote (TCV) and desire for changing sun and wind conditions. Thermal 

dissatisfaction was determined with Eq. (4.3) and the values were displayed as column numbers 

in Table 4.4. Furtherly, these dissatisfaction values were classified into 6 levels. As shown in Table 

4.4, level 1 presents a satisfied environment and level 2 presents a less satisfied environment. Level 

3 and level 4 demonstrate that the environment is temporarily accepted. Level 5 and Level 6 

present unsatisfied environments with a great need to be improved. The higher the dissatisfaction 

value is, the more unsatisfied thermal environment.  

𝐷𝑖𝑠𝑠𝑎𝑡𝑖𝑠𝑓𝑎𝑐𝑡𝑖𝑜𝑛 = 𝑇𝐶𝑉 ∗ {

0, 𝑛𝑜𝑛𝑒𝑒𝑑𝑡𝑜𝑐ℎ𝑎𝑛𝑔𝑒
1, 𝑐ℎ𝑎𝑛𝑔𝑒𝑤𝑖𝑛𝑑𝑜𝑟𝑠𝑜𝑙𝑎𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛
2, 𝑐ℎ𝑎𝑛𝑔𝑒𝑏𝑜𝑡ℎ𝑤𝑖𝑛𝑑𝑎𝑛𝑑𝑠𝑜𝑙𝑎𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛

     (4.3) 

Table 4. 4 Definition of the level scale of thermal dissatisfaction  
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4.2.4 Statistical analysis 

Spearman rank correlation analysis was conducted in this chapter to examine the relationship 

between subjective thermal sensation and thermal comfort indices. Such correlation analysis is a 

non-parametric test that compares a monotonic function to describe statistical dependency between 

two variables. The linear regression analysis was used to develop the new index to predict the 

thermal perceptions under environments with frequent step changes. The R square obtained from 

the regression analysis indicates, on the one hand, the appropriateness of selected linear equation 

and, on the other hand, how much the dependent variable can be explained by independent 

variables in a linear relationship. Generally speaking, the larger the R square value, the greater the 

goodness fit of the regressed equation. The acceptable value of R2 depends on the unique condition 

discussed, and there is no strict requirement for the value of R2 if simply the significant relationship 

among variables is concerned, and larger R2 value is desirable if a variable prediction process is 

conducted. 

T-test and one-way/two-way between groups ANOVA analysis were used to examine the 

differentiation of a dependent variable (e.g., subjective thermal sensation) under the effects of 

independent variables (e.g., UTCI and alternating frequency). The differentiation is verified by 
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statistical significance which is referred to as the P-value, the probability of obtaining a result of a 

study at least as extreme, given that the null hypothesis was true (Li et al., 2018). For all analysis, 

P value of lower than 0.05 was considered significant. The effect size is a measurement of how 

much of the total variance in the dependent variable can be explained by the independent variable 

(Tabachnick et al., 2007). The effect size of ANOVA was defined by partial eta squared (ηp
2) to 

indicate the effect size of the main effects. Evaluating partial eta squared (ηp
2) was discussed by 

Cohen. et al (Cohen, 1988). It is reported that 0.14 of ηp
2 indicates a large effect of independent 

variable.  

4.3 Thermal conditions  

In this study, thermal conditions with frequent step changes were resulted from participants 

being exposed alternately to sunshine and shade. Meteorological conditions during field surveys 

were summarized in Table 4.5. Calculated UTCI and SWI values were grouped by five alternating 

frequencies and depicted in Figure 4.3. The abscissa of Figure 4.3 shows the exposure sequence 

to sunlight and shade in each experiment. The odd numbers present sunlight exposures and the 

even numbers present shade exposures. The legends besides the Figure 4.3 show the alternating 

frequency in experiments. According to Figure 4.3, UTCI and SWI values were larger in sunlight 

exposures than those in shade exposures, and the magnitude of UTCI and SWI change was not 

constant.  

Table 4. 5 Monitored variables ranges (minimum and maximum values) in experiments 

categorized by 5 alternating frequency types. 

Alternating 

type (i) 

Alternating 

frequency (Fi) 

Experiment 

date/Time period 
Ta (℃) RH (%) v (m/s) Tmrt (℃) 
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1 0.5 

5/24_14:00-15:00 31.0-32.4 61.0-66.3 0.9-2.7 39.6-64.5 

7/29_12:00-13:00 32.7-33.2 52.4-59.0 0.4-1.8 32.8-64.4 

7/29_13:30-14:30 31.9-33.4 59.0-63.0 0.5-1.9 32.6-58.2 

2 0.22 

5/17_14:00-15:00 30.6-31.6 63.0-70.0 1.0-2.3 34.3-60.0 

5/24_11:00-12:00 30.0-31.9 62.6-68.0 0.5-2.2 32.4-60.7 

9/14_14:00-15:00 30.7-31.1 61.0-69.0 0.6-1.2 31.4-39.8 

3 0.17 

5/16_14:00-15:00 32.3-33.0 58.7-62.3 0.6-1.9 32.5-53.7 

7/29_14:30-15:30 29.1-33.1 55.5-60.0 1.3-2.8 35.0-62.3 

9/11_14:30-15:30 31.0-32.4 40.0-53.0 0.6-3.1 31.0-63.0 

5/17_13:00-14:00 32.6-33.9 51.0-57.0 0.2-0.6 34.4-51.1 

4 0.06 

7/22_12:30-13:30 32.6-33.9 49.0-57.0 0.4-2.7 34.6-54.6 

9/14_14:30-15:30 29.0-31.4 64.4-70.0 0.8-2.2 30.6-61.0 

9/14_13:00-14:00 30.3-32.1 59.0-69.1 0.4-2.0 30.6-51.1 

5 0.05 

7/28_11:00-12:00 30.5-33.3 55.0-67.3 0.3-2.5 31.1-64.2 

7/28_14:00-15:00 31.4-33.1 58.0-67.0 0.6-2.8 34.5-62.3 

7/29_14:00-14:30 32.7-33.6 51.0-55.0 1.5-2.4 34.3-64.7 
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Figure 4. 3 Thermal conditions of sequential sunlight exposure and shade in experiments classified 

by five alternating frequency types: a) UTCI; b) SWI.  

4.4 Comparison of surveyed and predicted thermal sensations 

Due to a few minutes’ exposure to sunlight and shade in a round, surveyed thermal sensations 

in each exposure to sunlight and shade were averaged and appointed as MTSV. Simultaneously, 

mean UTCI value in each sunlight exposure and shade was calculated and matched to MTSV. For 

the comparison, predicted thermal sensations (PTSV) were determined with Eq. (4.2) with the 

mean UTCI value, together with the DTS based on Figure 4.2. Difference between MTSV and PTSV 

and between MTSV and DTS was determined for the same UTCI value, namely (MTSV-PTSV) and 

(MTSV-DTS), respectively.  

4.4.1 Analysis of (MTSV-PTSV) 

Figure 4.4 displays (MTSV-PTSV) values in sunlight and shade exposures under different 

alternating frequency (Figure 4.4a), and variation of (MTSV-PTSV) with UTCI (Figure 4.4b). As 
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shown in Figure 4.4a, mean (MTSV-PTSV) value in shade were smaller than 0, except that under 

alternating frequency of 0.5. Under the assumption that PTSV was accurately predicted, MTSV-

PTSV<0 in shade reflected that the cooling effects of shade were amplified by subjects as being 

exposed alternately to sunlight and shade. Additionally, a dropping trend of (MTSV-PTSV) with 

the decreasing of alternating frequency is noted in shade exposures.  

The finding indicated that the amplified cooling effects of shade could be increased with the 

reducing of shade exposure opportunity (alternating frequency). On the contrary, mean (MTSV-

PTSV) values in sunlight were larger than 0, except those under alternating frequency of 0.05. It 

seems that subjects’ thermal sensations in sunlight and shade were strengthened due to their 

frequently alternating exposure. Two-way ANOVA was conducted for (MTSV-PTSV), which 

revealed significant difference in (MTSV-PTSV) based on different alternating frequency 

(F(4,217)=13.47, p<0.0001, ηp
2=0.154), and sunlight and shade exposures (F(1,217)=37.84, 

P<0.0001, ηp
2=0.102).  

The (MTSV-PTSV) versus UTCI in sunlight and shade exposures was discussed under 

different alternating frequencies in Figure 4.4b. The “_s” and “_sh” in the legends stand for 

sunlight exposure and shade exposure, respectively. Discrete (MTSV-PTSV) values were observed 

within UTCI rounded to 1-K-wide bin. We focused on the maximum and minimum (MTSV-PTSV) 

values in sunlight exposure for each UTCI bin and made two regression lines line-1 and line-2. 

The two lines were depicted to limit the possible trends of (MTSV-PTSV) with varying of UTCI in 

the sunlight and expressed as Eqs. (4.4-4.5).  

Line 1: (𝑀𝑇𝑆𝑉 − 𝑃𝑇𝑆𝑉)max _𝑠 = −0.1252 × 𝑈𝑇𝐶𝐼 + 6.277(𝑅2 = 0.98)   (4.4) 

Line 2: (𝑀𝑇𝑆𝑉 − 𝑃𝑇𝑆𝑉)min _𝑠 = −0.1803 × 𝑈𝑇𝐶𝐼 + 6.518(𝑅2 = 0.98)   (4.5)     
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Regardless of discrete (MTSV-PTSV) values between line-1 and line-2, (MTSV-PTSV) in 

sunlight exposure performed a slight dropping trend with the increasing UTCI. When compared 

with PTSV in steady status, it is possible that surveyed MTSV was relatively unchanged or 

decreased with increasing UTCI from 34℃ to 44℃ due to frequent step changes, based on the 

growth of PTSV under this UTCI range in steady status. As for (MTSV-PTSV) values in shade, 

line-3 and line-4 were obtained using the same method for getting line-1 and line-2 and were 

expressed as the Eqs. (4.6-4.7). 

Line 3: (𝑀𝑇𝑆𝑉 − 𝑃𝑇𝑆𝑉)max _𝑠ℎ = −0.5722 × 𝑈𝑇𝐶𝐼 + 21.19(𝑅2 = 0.99)  (4.6) 

Line 4: (𝑀𝑇𝑆𝑉 − 𝑃𝑇𝑆𝑉)min _sh = −0.2913 × 𝑈𝑇𝐶𝐼 + 8.639(𝑅2 = 0.90)  (4.7) 

    Similarly, a dropping trend of (MTSV-PTSV) values with the increasing UTCI was observed 

in shade. Results also indicated a relatively unchanged or decreased surveyed thermal sensations 

within the increasing UTCI from 29℃ to 37℃. Worth noted is that within the UTCI range from 

34℃ to 37℃, (MTSV-PTSV) values varied between -2 to 2. As shown in Fig. 4.4, measured 

thermal sensations in environments with step changes differed considerably from PTSV obtained 

near stable states for the same UTCI bin. Moreover, under the impacts of frequent step changes, 

measured thermal sensations perform less sensitivity to the magnitude of UTCI and even decrease 

as UTCI rises. People appear to be able to discriminate between hot and not hot rather than the 

intensity of hot feelings under unstable and dynamic settings. 
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Figure 4. 4 Distribution of (MTSV-PTSV) in sunlight and shade classified by a) alternating 

frequency and variation of (MTSV-PTSV) against b) UTCI.  



 

132 

 

It should be noted that due to frequently reported thermal responses, “anchoring bias” which 

leads to higher magnitude of thermal sensation might influence thermal sensations in frequent step 

changes. The “anchoring bias” proposed by Raccuglia et al was defined as that subsequent score 

may be given based on previous point of reference (Raccuglia et al., 2018). However, the 

“anchoring bias” which might appear in this study was perhaps only caused by opposite thermal 

experiences in sunlight and shade exposures rather than repeatedly reported thermal perceptions.  

Besides, there was no significant spearman rank correlation between sequence of 

questionnaire survey and surveyed thermal sensations (Coefficient=0.194, p=0.068). The 

determination of mean thermal sensations in each sunlight and shade was to balance the effects 

when suddenly exposed to sunlight and shade. The potential anchoring bias when leaving the 

current environment was thus reduced to some extent. Last, subjects were not reminded by 

previous votes during the experiments. Usually, they were easy to forgot their votes if they were 

not required to keep the votes in mind. Basically, the “anchoring bias” was not mainly discussed 

in the current study.  

4.4.2 Analysis of (MTSV-DTS) 

Figure 4.5 exhibits the (MTSV-DTS) values in sunlight and shade under different alternating 

frequencies (Figure 4.5a) and variation of (MTSV-DTS) with UTCI (Figure 4.5b). Illustrated from 

Figure 4.5a, mean (MTSV-DTS) values in both sunlight and shade were smaller than 0 and reduced 

when compared with the (MTSV-PTSV) values shown in Figure 4.5a. The amplified cooling effects 

of shade were also exhibited by smaller mean (MTSV-PTSV) values in shade than those in sunlight. 

It seems that DTS might overestimated thermal sensations of subjects alternately exposing to 

sunlight and shade. Two-way ANOVA analysis revealed significant difference in (MTSV-DTS) 
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based on different alternating frequency (F(4,217)=12.07, p<0.0001, ηp
2=0.121), and sunlight and 

shade exposure (F(1,217)=28.37, P<0.0001, ηp
2=0.085). The difference of mean (MTSV-PTSV) 

corresponding to each alternating frequency was respectively determined in sunlight and shade for 

the comparison.  

Similar analysis was conducted for (MTSV-DTS), and the results were shown in Table 4.6. 

The difference which was significant in statistical analysis (p<0.05) was marked in red. In shade 

exposures, (MTSV-PTSV) and (MTSV-DTS) determined in alternating frequency of 0.5 and 

frequency of 0.05 were significantly different with others. While in sunlight exposures, (MTSV-

PTSV) and (MTSV-DTS) determined in alternating frequency of 0.22 were significantly larger than 

others. It is anticipated that there exists a law frequent step changes influencing thermal responses.  

Table 4. 6 Difference of mean (MTSV-PTSV) and difference of (MTSV-DTS) under different 

alternating frequency class 

 



 

134 

 

In Figure 4.5b, by regressing the maximum and minimum MTSV values to UTCI bins under 

shade and sunlight, line-1’ to line-4’ were obtained to investigate the possible variation of (MTSV-

DTS) with UTCI. The line-1’ to line-4’ were presented as Eqs. (4.8-4.11).  

Line-1’: (𝑀𝑇𝑆𝑉 − 𝐷𝑇𝑆)max _𝑠 = −0.0541 × 𝑈𝑇𝐶𝐼 + 2.376(𝑅2 = 0.53)  (4.8) 

Line-2’: (𝑀𝑇𝑆𝑉 − 𝐷𝑇𝑆)min _s = −0.1681 × 𝑈𝑇𝐶𝐼 + 4.847(𝑅2 = 0.64)  (4.9) 

Line-3’: (𝑀𝑇𝑆𝑉 − 𝐷𝑇𝑆)max _sh = −0.6016 × 𝑈𝑇𝐶𝐼 + 21.05(𝑅2 = 0.98)  (4.10) 

Line-4’: (𝑀𝑇𝑆𝑉 − 𝐷𝑇𝑆)min _sh = −0.2502 × 𝑈𝑇𝐶𝐼 + 5.973(𝑅2 = 0.90)  (4.11) 

    Despite the significant non-zero of the slope for line-1’ and line-2’, (MTSV-DTS) slowly 

declined with changing UTCI in sunlight and their values were almost below zero, whereas an 

obvious dropping (MTSV-DTS) with the increasing UTCI in shade was observed. The (MTSV-DTS) 

varied from -3 to 1 under the UTCI ranging from 34℃ to 37℃. Illustrated from Figure 4.4 and 

Figure 4.5, the relationships between UTCI and PTSV, as well as UTCI and DTS, were ineffective 

in predicting thermal sensations in environments with frequent step changes. Therefore, it is 

essential to explore an approach to evaluate impacts unsteady environments with frequent step 

changes on thermal responses.  



 

135 

 

0.50 0.22 0.17 0.06 0.05

-4

-3

-2

-1

0

1

2

3

Alternating frequency

M
T

S
V

-D
T

S
Shade

Sunlight

 

a) 

26
.0

28
.0

30
.0

32
.0

34
.0

36
.0

38
.0

40
.0

42
.0

44
.0

-4

-3

-2

-1

0

1

2

3

UTCI (C)

M
T

S
V

-D
T

S

0.50_s

0.22_s

0.17_s

0.05_s

0.06_s

0.50_sh

0.22_sh

0.17_sh

0.05_sh

0.06_sh

Regression Line-1' （（MTSV-DTS)max vs.UTCI under sunlight)

Regression Line-2' （（MTSV-DTS)min vs.UTCI under sunlight)

Regression Line-3' （（MTSV-DTS)max vs.UTCI under shade)

Regression Line-4' （（MTSV-DTS)min vs.UTCI under shade)
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Figure 4. 5 Distribution of (MTSV-DTS) in sunlight and shade classified by a) alternating 

frequency and b) variation of (MTSV-DTS) against UTCI.  



 

136 

 

4.5 Exploring an approach to evaluate frequent step changes effectiveness 

4.5.1 Spearman rank correlation analysis 

According to our previous study, v and Tmrt had significant influences on thermal sensations 

of subjects in Hong Kong at the Ta ranging from 12.0℃ to 36.0℃ and RH ranging from 50% to 

76%. Moreover, the changes in solar radiation and wind speed are dominant in environments with 

frequent step changes. However, it is reported that UTCI underestimated impacts of v and Tmrt on 

surveyed thermal sensations at higher temperature. Considering the applicability of SWI for 

assessing outdoor thermal sensations in the perspective of the combined sun and wind conditions 

(Section 2.3.2), this section attempted to integrate SWI and UTCI to evaluate thermal comfort in 

environments with frequent step changes. We first analyzed Spearman rank correlations among 

surveyed thermal sensations, UTCI, SWI and other meteorological parameters under each 

alternating frequency, and the results were shown in Table 4.7.  

Table 4. 7 Spearman rank correlation among SWI, UTCI, meteorological and surveyed thermal 

sensations under different alternating frequencies 

 

** Correlation significant at the 0.01 level (two-tailed). 
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* Correlation significant at the 0.05 level (one-tailed). 

    As seen in Table 4.7, there was a strong positive correlation between SWI and surveyed 

thermal sensations, indicating a strong linear dependence of thermal sensation on the changes in 

sun and wind conditions. The spearman rank correlation coefficients of SWI with surveyed thermal 

sensations were even larger than those of UTCI with surveyed thermal sensations. As introduced 

in above section, SWI is to evaluate the impacts of the offsetting heating effects of Tmrt by cooling 

effects of v on the thermal comfort. Therefore, in environments with frequent step changes mainly 

characterized with changes in sun and wind conditions, SWI can be used as an additional element 

to compensate for the UTCI when evaluating thermal comfort. 

4.5.2 Definition of the equivalent UTCI* 

To intergrade the UTCI and SWI, the relationship between UTCI and SWI was first 

investigated in Figure 4.6. It is noted that a given UTCI value rounded to 0.1-K-bin corresponded 

to dispersed SWI values, or a variety of combined sun and wind conditions. To explore the 

relationship between UTCI and SWI, we focused on the maximum and minimum values of SWI 

within UTCI rounded to 1-K-wide bin. Regression line-a and regression line-b in Figure 4.6 were 

produced by regressing the maximum and minimum values of SWI to UTCI bins, respectively, 

which were expressed as Eqs. (4.12-4.13). Based on the two regression lines, the range of SWI 

with a given UTCI value could be predicted.  

Line-a: 𝑆𝑊𝐼𝑚𝑎𝑥 = 0.06447 × 𝑈𝑇𝐶𝐼 − 1.723𝑅2 = 0.99       (4.12) 

Line-b: 𝑆𝑊𝐼𝑚𝑖𝑛 = 0.09603 × 𝑈𝑇𝐶𝐼 − 3.433𝑅2 = 0.99       (4.13) 
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Figure 4. 6 The relationship between UTCI and SWI 

Figure 4.6 might be the reason that actual thermal sensation and UTCI had different 

sensitivities to sun and wind conditions. Moreover, the difference between PTSV obtained near 

steady state and MTSV obtained in conditions with frequent step changes might be related to the 

relationship between SWI and UTCI. In view of this, we made a following hypothesis to explore 

approach to evaluate environments with frequent step changes.  

    First, the relationships between MTSV and UTCI and between PTSV and UTCI were assumed 

to be identical. The calculated UTCI with MTSV using Eq. 6 was thus treated as the equivalent 

UTCI* (Eq. 4.14), which was defined as the UTCI in the steady state that would produce the same 

thermal sensations as that produced in environments with frequent step changes. Then the 

hypothesis is that the difference between actual UTCI and UTCI* was caused by the 

underestimation of SWI impacts in frequent step changes on thermal perceptions, as well as the 

impacts of different alternating frequencies. Therefore, the difference between UTCI and UTCI* 
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was assumed to be the function of SWI and frequent step changes effectiveness, which was 

expressed as the Eq. (4.15).  

𝑈𝑇𝐶𝐼 ∗=
𝑀𝑇𝑆𝑉+3.6039

0.1332
                                              (4.14) 

𝑆𝑊𝐼−𝑆𝑊𝐼𝑚𝑖𝑛

𝑆𝑊𝐼𝑚𝑎𝑥−𝑆𝑊𝐼𝑚𝑖𝑛
=

𝑈𝑇𝐶𝐼∗−𝑈𝑇𝐶𝐼

𝛼𝑈𝑇𝐶𝐼
                                         (4.15) 

𝛼𝑈𝑇𝐶𝐼 in Eq. 4.15 was the possible range of equivalent UTCI* determined by SWI range at 

a given UTCI value, for example UTCI0. The inherent effects of sun and wind condition (heating 

effects of Tmrt and cooling effects of v) evaluated by UTCI0 was assumed to be presented by SWImin 

value regarding to UTCI0. With Tmrt and v that calculated UTCI0, SWI0 was determined. Therefore, 

the influence of SWI0 on equivalent UTCI* was presented by the relative position of SWI0 in the 

SWI range regarding to UTCI0. It is based on the assumption that equivalent UTCI* was totally 

resulted from SWI0 and UTCI* was positively correlated with SWI0. Therefore, with the known of 

UTCI, SWI and UTCI*, the 𝛼 in Eq. 4.15 was calculated to examine our hypothesis and explore 

the influences of different alternating frequencies.  

    If 𝛼  was larger than 0, UTCI underestimated the impacts of sun and wind on thermal 

perceptions in environments with frequent step changes. If 𝛼 was smaller than 0, UTCI* was 

smaller than UTCI, which was considered to be caused by amplified cooling effects due to frequent 

step changes. If 𝛼 was a null value, the left part of Eq. (4.15) could be 0. The error between 

UTCI* and UTCI can be also explained by the uncertain impacts of frequent step changes.  
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4.5.3 Derivation of the equivalent UTCI* 

The information of calculated 𝛼 in different alternating frequency was shown in Figure 4.7. 

A one-way ANOVA was conducted to decide the significant difference in 𝛼 based on different 

alternating frequency (F=5.372, p=0.005, ηp
2=0.173). It seems that mean 𝛼  value and the 

percentage of 𝛼 > 0 both dropped with the decreasing alternating frequency. The higher the 

alternating frequency was, the more possibilities that the prediction error was caused by 

underestimated effects of sun and wind conditions by UTCI. However, the percentage of “𝛼 ≤ 0” 

or “𝛼=null” grew as the alternating frequency decreased, demonstrating that the frequent step 

change effectiveness was dominating as the alternating frequency decreased. Based on the 

percentage of 𝛼 , our hypothesis that the difference between actual UTCI and UTCI* was 

determined by both SWI and effects of frequent step changes, was accepted.  
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Figure 4. 7 𝛼 value and the percentage of 𝛼 value under different alternating frequency class 
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Figure 4.8 depicts the difference between UTCI* and UTCI (UTCI*-UTCI) corresponding to 

α≤0 and null values under each alternating frequency. Worth noted is that the mean difference was 

around -5 under all alternating frequencies. The result was attributed to the cooling effects of 

frequent step changes on subjective responses. A one-way ANOVA was conducted to examine the 

significant difference in (UTCI*-UTCI) based on different alternating frequency (F=5.372, 

p=0.005, ηp
2=0.173). It is found that the magnitude of (UTCI*-UTCI) under higher alternating 

frequency was slightly smaller than that under lower alternating frequency.  

Basically, alternating exposures to sunlight and shade at a higher frequency produced less 

cooling effects instead. On the one hand, it may be owing to small heat accumulation in the body 

as result of frequent step changes, making the thermal perceptions less sensitive to cooling effects 

of shade and the heating effects of sunlight. On the other hand, as the opportunity to shade exposure 

increased on hot days, a high expectation to cooler conditions than shade might be induced, making 

subjects feel hotter in both shade and sunlight from a psychological standpoint. Based on Eq. 4.14 

and Eq. 4.15, equivalent UTCI* was thus derived by compensated effects of sun and wind 

conditions reflected by SWI and cooling effects of frequent step changes. With method of weighted 

average, equivalent UTCI* can be calculated by Eq. 4.16.  

𝑈𝑇𝐶𝐼∗ = [𝑈𝑇𝐶𝐼 × (1 + 𝛼𝑖
𝑆𝑊𝐼−𝑆𝑊𝐼𝑚𝑖𝑛

𝑆𝑊𝐼𝑚𝑎𝑥−𝑆𝑊𝐼𝑚𝑖𝑛
)] × 𝑃(𝛼>0)𝑖 + (𝑈𝑇𝐶𝐼 − 𝐸𝑟𝑟𝑜𝑟𝑖) × 𝑃(𝛼≤0&𝑛𝑢𝑙𝑙)𝑖(4.16) 

where, i=0.5, 0.22, 0.17, 0.06, 0.05; α refers to the mean value of α>0 corresponding to each 

alternating frequency; 𝑃(𝛼>0) is the percentage of “α>0” and 𝑃(𝛼≤0&𝑛𝑢𝑙𝑙) is the percentage of 

“α≤0” & “α=null” for each alternating frequency; 𝐸𝑟𝑟𝑜𝑟 refers to the mean (UTCI*-UTCI) value 

produced by cooling effects of frequent step changes as α≤0 and α was null.  
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Figure 4. 8 Distribution of (UTCI*-UTCI) under different alternating frequency class 

4.5.4 Validation of the derived UTCI* 

To validate the application of derived UTCI*, the mean values of derived UTCI*, original 

UTCI, and SWI were first determined under TSV’ values rounded to 0.1-sclae-bin. TSV’ was the 

mean value of surveyed thermal sensations collected in each questionnaire survey during 

experiments to avoid the individual errors. The linear regression analysis was then conducted for 

mean values of UTCI*, original UTCI, SWI and MTSV bins, which were expressed in detail in 

Table 4.8. As shown in Table 4.8, the linear relationship between UTCI* and TSV' bins, indicated 

by R2 of 0.83 of the fitted line, is better than the relationship between UTCI and TSV' bins, indicated 

by R2 of 0.63 of the fitted line, and the relationship between SWI and TSV' bins, indicated by R2 of 

0.72 of the fitted line. The result demonstrated that effects of frequently alternating thermal 

conditions on subjects most likely to lead to the relationship between UTCI* and TSV’.  
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Table 4. 8 Linear relationship between UTCI* and TSV’ bins, as well as between original UTCI 

and TSV’ bins and SWI and TSV’ bins 

 

The spearman rank correlation between surveyed thermal sensations and UTCI* was 

examined for each alternating frequency and compared with correlations among surveyed thermal 

sensations, original UTCI and SWI. The results were shown in Table 4.9. It can be observed that 

the spearman correlation between UTCI* and surveyed thermal sensations were significantly 

improved and stronger than that between original UTCI and surveyed thermal sensations. However, 

the relationship between UTCI* and surveyed thermal sensations under alternating frequency of 

0.5 was still relatively low, which requires further investigations.  

Generally, illustrated from Table 4.8 and Table 4.9, the derived UTCI* is able to assess 

impacts of thermal settings with frequent step changes on thermal perceptions by complementing 

the influences of sun and wind conditions reflected by SWI and the impacts of frequent step 

changes. Although the application of UTCI* needs further validations and further improvement, 

we proposed a new angle to evaluate the effects of dynamic thermal conditions in a quantitative 

method. 

Table 4. 9 Spearman rank correlation among SWI, UTCI, derived UTCI* and surveyed thermal 

sensations under different alternating frequencies 
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4.6 Thermal dissatisfaction in thermal environments with frequent step changes   

4.6.1 Surveyed thermal sensation and thermal dissatisfaction 

In addition to thermal sensation, thermal dissatisfaction is another important index to evaluate 

thermal environments with frequent step changes. Figure 4.9 displays the thermal dissatisfaction 

under impacts of combined different alternating frequency (opportunity to shade exposure) and 

TSV rounded to 1-scale-wide bin. The percentage of thermal dissatisfaction were reflected by cells’ 

color. It can be seen that even subjects had the similar TSV values, their thermal dissatisfaction 

could be influenced by different alternating frequency they were experiencing. Despite that 

subjects felt cooler than natural (TSV≤0) at a moment, the percentage of “Disstisfaction≤2”; in 

another word the percentage of satisfaction, dropped if their alternating frequency or the 

opportunity of shade exposures reduced.  

When subjects felt hotter than neutral (TSV≥1) at a moment, more than 30% of them voting for 

“Dissatisfaction≤4”; in another word the acceptable thermal environments, when they were 

frequently shifting between sunlight and shade. The findings demonstrated that, in addition to 

thermal sensations, environments with frequent step changes might have major impact on thermal 

satisfaction. Illustrated from Figure 4.9, it is effective to boost thermal satisfaction on even hot 
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summer days by allowing frequent microclimatic step changes or increasing possibilities to cool 

or shade areas by expanding spatiotemporal distributions of cool or shade sites.   

 

Figure 4. 9 Distribution of thermal dissatisfaction classified by thermal sensation rounded to 1-

scale-wide bin and alternating frequency  

4.6.2 Thermal dissatisfaction and UTCI* 

Mean UTCI* in every sunlight exposure and shade in each alternating frequency were 

determined. Figure 4.10a shows the averaged dissatisfaction for each combined alternating 

frequency and UTCI* bin value. The averaged dissatisfaction was reflected by cells ‘color, and 

lines over cells connected sunlight and shade in one experiment. Given a UTCI* value located in 

the range from 34℃ to 38℃, if this UTCI* was obtained in shade exposure and the alternating 

frequency was high, the dissatisfaction would be lower than 3 in shade. However, if this UTCI* 

was obtained in sunlight exposure and the alternating frequency was low, dissatisfaction in 

sunlight exposure would be larger than 3.  

Furthermore, even the UTCI* obtained under higher alternating frequencies of 0.22 and 0.50 

is greater than 38°C, the corresponding dissatisfaction level is comparable to that when the UTCI* 
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is between 32°C and 37°C at low alternating frequencies. Illustrated from Figure 4.10a, people 

may show more tolerance to thermal environments on hot days if the alternating frequency is 

reasonably high. Besides, there is no need to make the step change magnitude large for cooling 

benefits on hot days.  
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Figure 4. 10 The averaged dissatisfaction in sunlight and shade under different alternating 

frequency  

4.6.3 Upper limit of acceptable UTCI*  

Dissatisfaction value of 4 was treated as the threshold of intolerance to thermal condition in 

this study. Linear regression analysis was conducted for the percentage of “Dissatisfaction≤4” and 

UTCI* bin with 1-K width under different alternating frequency to explore the upper limit of 

acceptable UTCI*. Two regression lines line-a’ and line-b’ were obtained, which were shown in 

Figure 4.11. Line-a’ suggests the relationship between percentage of “Dissatisfaction≤4” and 

UTCI* in high alternating frequency (F= 0.50, F=0.22), and the Line-b’ suggests the relationship 
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at medium and low alternating frequency (F= 0.17, F=0.06, and F=0.05). Line-a’ and Line-b’ are 

expressed as the Eqs. (4.17-4.18).  

Line-a’: 𝑃𝐷𝑖𝑠𝑠𝑎𝑡𝑖𝑠𝑓𝑎𝑐𝑡𝑖𝑜𝑛≤4 = −4.289 × 𝑈𝑇𝐶𝐼∗ + 237.3𝑅2 = 0.57     (4.17)              

Line-b’: 𝑃𝐷𝑖𝑠𝑠𝑎𝑡𝑖𝑠𝑓𝑎𝑐𝑡𝑖𝑜𝑛≤4 = −7.289 × 𝑈𝑇𝐶𝐼∗ + 315.8𝑅2 = 0.79     (4.18)    

where, 𝑃𝐷𝑖𝑠𝑠𝑎𝑡𝑖𝑠𝑓𝑎𝑐𝑡𝑖𝑜𝑛≤4 presents the percentage of “Dissatisfaction≤4”         

    R2 values of Line-a’ and Line-b’ demonstrated acceptable linear relationship between 

percentage of “Dissatisfaction≤4” and UTCI*. We made an assumption that thermal environments 

with more than 50% of “Dissatisfaction≤4” were thought acceptable. According to Figure 4.11, 

the intersections of 50% line and Line-a’ and Line-b’ can reveal the upper limits of acceptable 

UTCI*. The intersection of 50% line with Line-b’ was 36.5°C and that of the 50% line with Line-

a’ was 43.7°C. The alternating exposure in a relatively high frequency can enlarge the range of 

acceptable UTCI*. It is anticipated that thermal satisfaction could be notably increased by 

increasing the frequency of alternate sunlight and shade exposures even though the UTCI* is 

relatively high. 
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Figure 4. 11 Percentage of “Dissatisfaction≤4” against UTCI* classified by different alternating 

frequency. 

4.7 Discussion  

This study focuses mainly on the effects of frequent step changes between sunlight and shade 

on the respective of the subjective thermal responses. Due to the absence of subjects’ physiological 

data and some uncertainties and uncontrollable factors in the experiment, some mechanism of 

thermal responses during frequently exposure to sunlight and shade might not be explained very 

clearly. 

4.7.1 Assumptions for deriving equivalent UTCI*  

One assumption in the derivation process of UTCI* in section 4.5.3 was that sun and wind 

conditions evaluated by the given UTCI were described by the value of SWImin at the given UTCI 

value. UTCI* was positively related to actual SWI. According to Eq. 4.16, UTCI* was thus 

assumed to be always larger than UTCI. If UTCI* was smaller than UTCI, it was considered to be 
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caused by cooling effects of frequently alternating exposure. This assumption might overlook the 

effects of actual sun and wind conditions evaluated by given UTCI. In addition to cooling effects, 

UTCI* smaller than UTCI might be caused by UTCI overestimating effects of sun and wind 

conditions on subjective responses. However, UTCI* lower or larger than UTCI was both 

examined in this study regardless of the exact reasons. The above assumption did not significantly 

affect the derivation of UTCI*. 

4.7.2 Potential psychological effects  

When subjects alternating exposures to sunlight and shade at different frequencies, 

psychological factors induced in the process may play a significant role making thermal 

perceptions varied with alternating frequencies. One of the psychological factors might be the 

thermal expectation. According to the study conducted by Luo et al. (2016), people living in 

excellently conditioned indoor thermal settings have greater thermal expectations and may 

complain about the thermal conditions more frequently. As shown in Figure 4.7 and Figure 4.8, 

the cooling impacts of frequent step changes were relatively small at higher alternating frequencies. 

The results might be partly attributed to the subjects’ higher expectation of cooler thermal 

conditions than shade when the opportunity to shade was plentiful, thus hindered the cooling 

effects of alternating exposures and made their hot-biased thermal sensations unintentionally. The 

weight of such expectation impact could be reflected by percentage of α values and (UTCI*-UTCI) 

values against different alternating frequencies to some extent. 

Another psychological factor might be the lower thermal expectation or alliesthesia proposed 

by De Dear et al. (2011), which was reflected by the amplified cooling effects of alternating 

exposure at a relatively low frequency (Figure 4.7 and Figure 4.8). The alliesthesia is the condition 
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whereby the degree of relative changes in subjective thermal responses exceeds that of physical or 

physiological responses due to a rise or reduction in the departure of certain controlled variables 

from their set point. Accordingly, when the opportunity to shade was suitably restricted and the 

exposure time in sunlight was suitably prolonged, the cooling benefits of shade might instead be 

amplified owing to alliesthesia effects. The weight of such alliesthesia effect could be also 

reflected by α value to some extent. Despite these amplified cooling effects, thermal dissatisfaction 

level which is shown in Figure 4.10 and Figure 4.11 is higher at low alternating frequencies. The 

results might be attributed to the subjects’ unwillingness to return to sunlight following the 

alliesthesia effects. Generally, psychological factors might be particularly significant in 

influencing thermal perceptions in dynamic thermal environments, which necessitates additional 

research based on more data.  

4.8 Summary 

A study to evaluate influences of frequently alternating exposure to sunlight and shade at 

different frequencies on pedestrians’ thermal perceptions was conducted. The significant results 

that can inspire the future study and microclimate-friendly design are summarized like the 

following.  

The frequency of alternating exposure to sunlight and shade can significantly influence 

surveyed thermal sensations. The ability of DTS and PTSV derived from UTCI to correctly capture 

the impacts of frequent step changes on surveyed thermal sensations is restricted, and the surveyed 

thermal sensations are less sensitive to UTCI than DTS and PTSV. 

The equivalent UTCI* is defined as the UTCI in relatively steady status that would produce 

the same thermal sensations as that produced in environments with frequent step changes. UTCI* 
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derived based on SWI and different alternating frequencies is effective in evaluating effects of 

microclimate environments with frequent step changes on the thermal sensations of young and 

middle-aged subjects on summer days. 

Future studies can build on the approach proposed in this study to evaluate dynamic thermal 

comfort by quantifying dynamic thermal environments as frequent step changes in microclimate 

settings. Psychological effects induced in dynamic thermal environments should not be ignored in 

evaluating dynamic outdoor thermal comfort.  

The relationship between thermal sensation and thermal dissatisfaction is not certain under 

environments with frequent step changes. Thermal satisfaction can be improved by enabling a 

more frequent step changes in microclimate environments or increasing the opportunity of cool-

biased exposures, which can illustrate the design of cooling spots in public areas on hot summer 

days.  

The upper limit of acceptable UTCI* can approach 43.7℃, and the pedestrians’ need for 

cooler shade for comfort can be reduced under higher alternating frequency of 0.22 and 0.50 on 

hot summer days.  
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Chapter 5 Impacts of perceptible fluctuating wind and radiation 

environment on pedestrians’ dynamic outdoor thermal comfort 

5.1 Graphic highlight  

This chapter was to develop a frame to study dynamic outdoor thermal comfort when 

pedestrians encountering frequent microclimatic variations produced by urban continuum. The 

dynamic feature of microclimate was characterized with perceptible spatiotemporal fluctuation of 

wind and radiation. By taking into account this fluctuation, models for predicting dynamic thermal 

comfort were proposed, and the optimal combination of fluctuating wind and solar radiation for 

pleasant outdoor places was revealed. The following graph highlights the innovative and 

theoretical significance of this chapter.
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5.2 Methodology  

5.2.1 Experiments design 

Two types of outdoor areas were selected to conduct the experiments. The area A is a 

university campus and area B is a community, whose district plans are shown in Figure 5.1. 

Pedestrian routes selected for the experiments were marked in four colors in Figure 5.1. the 

Experiments were conducted from July to October, 2020 in Hong Kong. According to the Köppen-

Geiger climate classification, Hong Kong has a hot-humid subtropical climate (Cwa). Months from 

July to October in Hong Kong are characterized with relatively high air temperature and humidity. 

Similar weather conditions were selected to conduct experiments in area A and area B. 70 college 

students with 32 males and 38 females aged from 21 to 30 were recruited as subjects to participate 

in the experiments. The information of experiments and the characteristics of area A and area B 

were summarized in Table. 5.1. Generally speaking, street community is characterized with more 

people, more noise, less green and more intense buildings  
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Table 5. 1 The information of experiments days and characteristics of area A (campus) and area B 

(street community) 
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Figure 5. 1 District plans in experiment area A (campus) and area B (street community) 

5.2.2 Experiment procedure and subjects 

One or two subjects were selected for each experiment and they were required to walk on the 

designated route in campus and street community. The experiment procedures in area A and area 

B were described in Figure 5.2 and Figure 5.3, respectively. Taking the experiment procedure in 

community as the example, there were two stages in each experiment: stage 1, the preparation 

stage in which subjects got prepared for the experiments; stage 2, the walking stage in which 

subjects walk and take a rest as required. Simultaneous questionnaire survey and measurements of 

meteorological and physiological parameters were conducted in stage 2.  

There were four routes and four rest places in stage 2 and the average spending time on 

walking and rest were displayed in Table. 5.2. The preparation stages in experiments on campus 

and in street community were conducted in the semi-outdoor places, which were commonly visited 

by citizens. Each experiment was controlled within 90 min. When engaging in experiments, all 

recruited subjects had uniform forms and were instructed to wear short-sleeved T-shirts, short 

trousers, and sports shoes. The clothing insulation was thus controlled at 0.4-0.5 clo (typical 

summer clothing) based on ASHRAE standard 55 (2013a) and ISO standard 7730 (2005). The 

metabolic rate of subjects during walking was determined by average walking speed based on 2017 

ASHRAE fundamentals (2017), which was displayed in Table. 5.2. Subjects were allowed to drink 

water during experiments.  

Table 5. 2 Basic information including time, distance, speed and metabolic rate of subjects in 

walking and rest states during experiments  
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Figure 5. 2 The experiment procedure on campus (Area A). 
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Figure 5. 3 The experiment procedure in street community (Area B). 

5.2.3 Questionnaire survey  

Recorder shown in Figure 5.4 was used in the study for recording subjects’ answers to 

questionnaires. Recordings were then transferred to words with specific software after each 

experiment. The questionnaire designed in this study is consisted of four questions (Figure 5.5): 1, 

ASHRAE 7-point Thermal Sensation Vote (TSV); 2, Thermal Pleasure (TP); 3, Need for changing 

temperature/solar/wind conditions (N). During walking, subjects were required to answer question 

1 and question 2 when encountering changes in sunlight and shade as well as a sudden wind flow. 

ASHRAE 7-point thermal sensation scale was adopted in this study to vote. Unlike the previous 
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study that classified the comfort state into several scales for voting, this study interviewed subjects 

about their pleasure or annoyance when facing fluctuating thermal conditions on summer days.  

Besides, subjects were required to answer questions 1 to 4 every 3 minutes during a whole 

experiment. It was to investigate the overall thermal perceptions during movement in the urban 

continuum. Question 3 was designed to describe the needs level of subjects for reducing solar 

radiation, increasing air movement and cooling. Needs of subjects in question 3 are quantified into 

6 levels from 0 to 5, respectively representing no need to very strong need to change present 

microclimate condition. Fatigue level in question 4 is quantified into 4 levels among which level 

1 and level 4 present not tired state and very tired state, respectively. The questions designed for 

the study can help for a comprehensive understanding of pedestrians’ subjective thermal responses 

during daily outdoor activities in the urban continuum. During the preparation stage, subjects were 

instructed on the requirements and procedures during the experiments.  

 

Figure 5. 4 Recorder (left) and transcription software (right) used in this study  
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Figure 5. 5 Questionnaire   

5.2.4 Measurement and calculation  

5.2.4.1 Meteorological variables 

The meteorological parameters during experiments were measured and collected by a 

movable weather station shown in Figure 5.6. All instruments for measuring meteorological 

parameters were mounted on a baby carriage for shock absorption during moving. The movable 

station was wheeled by an experiment assistant, walking together with subjects for measuring 

meteorological parameters around subjects including Ta, v, RH, and Tg. Due to the inconvenience 

of using Kipp & Zonen CNR4 net radiometers in this study, the mean radiant temperature was 
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determined by the globe temperature. The Tmrt calculated from the 75 mm black globe was then 

adjusted through calibration with three Kipp & Zonen CNR4 net radiometers (see Appendix A).  

All meteorological data were measured and recorded by instruments at 1s interval. According 

to the specification of equipment, the response time of R.M YOUNG instruments is 1/15s and is 

fast enough to capture the sudden change in air temperature, air velocity and humidity during 

movement. The system time of all instruments were calibrated with local time before and after 

each experiment.  

 

Figure 5. 6 Movable mini weather station 

However, it should be noted that at least two minutes were required for globe temperature to 

be stable after moving from sunlight/shade to shade/sunlight. Therefore, the calibration of 

measured globe temperature during movement was conducted based on the following assumption. 

On sunny days, if walking in a shade from sunlight lasted more than 2 minutes, the global 

temperatures in the first two minutes after entering the shade were approximately equal to the 

globe temperature at 2 minutes. If walking in the shade less than 2 minutes, the globe temperature 
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in the shade was approximately equal to the globe temperature that measured just before entering 

the next sunlight. Similar assumption was adopted for calibrating globe temperature during 

walking in the sunlight. On cloudy days, there were no intense changes in solar radiation and the 

measured globe temperatures during walking were not calibrated. The calibration of the global 

temperature during movement is presented as the following Eq.5.1.  

𝑇𝑔(𝑇𝑠ℎ𝑎𝑑𝑒𝑜𝑟𝑠𝑢𝑛𝑙𝑖𝑔ℎ𝑡 ≤ 2𝑚𝑖𝑛) = {
𝑇𝑔𝑠ℎ𝑎𝑑𝑒𝑜𝑟𝑠𝑢𝑛𝑙𝑖𝑔ℎ𝑡(2𝑚𝑖𝑛)𝑇𝑠ℎ𝑎𝑑𝑒𝑜𝑟𝑠𝑢𝑛𝑙𝑖𝑔ℎ𝑡 > 2𝑚𝑖𝑛

𝑇𝑔(𝑗𝑢𝑠𝑡𝑏𝑒𝑓𝑜𝑟𝑒𝑐ℎ𝑎𝑛𝑔𝑖𝑛𝑔)𝑇𝑠ℎ𝑎𝑑𝑒𝑜𝑟𝑠𝑢𝑛𝑙𝑖𝑔ℎ𝑡 ≤ 2𝑚𝑖𝑛
     

(5.1) 

where, 𝑇𝑠ℎ𝑎𝑑𝑒𝑜𝑟𝑠𝑢𝑛𝑙𝑖𝑔ℎ𝑡 represents the time exposure in a shade or a sunlight on the road.  

5.2.4.2 Physiological variables 

1) Local skin temperature/Mean skin temperature (MST) 

In this study, human physiological parameters including skin temperature and sweat were 

measured. Considering the measurement during movement, we measured 12 points of skin 

temperature (Figure 5.7) with small and portable thermocouples named i-Button temperature 

sensor. The information of the i-Button is presented in Figure 5.8. At the preparation stage of each 

experiment, the thermocouples were tightly pasted to the skin surface with medical adhesive tape 

to minimize the contact surface space. The measured skin temperatures were automatically 

recorded to the i-Button itself with the resolution of 0.0625 ℃, at 3 s interval. Before the 

measurements, all i-Button temperature recorders were calibrated against a standard mercury 

thermometer with precision of 0.1 ℃. 
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In this study, the mean skin temperature (MST) was calculated using two methods: 9 points 

local skin temperatures recommended by Houdas and Colin et al (Houdas et al., 1982; Liu et al., 

2011); 7 points local skin temperature recommended by Zhang et al (2003). The selection of 

Houdas method is to consider the cheek temperature when determining the mean skin temperature. 

The weighting method (Eq. 5.2) was used and the weighting factors of these 10 points were 

reported in Figure 5.7.  

𝑀𝑆𝑇 = ∑ 𝑘𝑖𝑇𝑖
𝑛
𝑖=1       (5.2) 

where 𝑇𝑖 is local skin temperature, 𝑘𝑖 is the corresponding weighting factor and n is the number 

of skin measuring sites. 

 Weighting factors of points 

 

 
Houdas & 
Colins et al. Zhang et al. 

1 Forehead  0.07 

2 Cheek  0.20  

3 Neck   

4 Chest  0.05  

5 Back 0.20  

6 Upper arm 0.10  

7 Forearm 0.05 0.14 

8 Hand   0.05 

9 Thigh 0.125 0.19 

10 Leg 0.075 0.13 

11 Foot 0.075 0.07 

12 Abdomen 0.125 0.35 

 

Figure 5. 7 Measuring sites of skin temperature and corresponding weighting factor.  
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Figure 5. 8 Thermocouples (i-Button) for measuring skin temperature 

2) Local sweating rate (LSR) 

This study applies technical absorbent (TA) method for measuring local sweat rate during 

non-steady sweating. The TA technique employed patches of highly absorbent material of a 

specific area that were applied on the skin for a brief period of time in order to estimate a snapshot 

of local sweat rate across a greater skin area. The TA patches used in this study consisted of a large 

square patch (#7023 needle punch nonwoven fabric, Technical Absorbents, North East 

Lincolnshire, UK), gauze and adhesive film. The design of TA patch with a middle square patch 

(118.75 cm2) and a 1.0-cm-wide border sponge tape is presented in Figure 5.9, as well as the 

information of sweat absorbent. The sponge tape was used to fix the gauze to absorbent fiber and 

prevent the absorbent fiber from absorbing the sweat from surrounding area. The adhesive film 

with strong air permeability was applied to fix the absorbent fiber to skin and ensure the TA patch 

would not slip when sweating.  
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Figure 5. 9 Design of Technical Absorbent patches for collecting sweat 

In one experiment, subjects were tested about their sweat rate in 4 walking states. TA patches 

were applied to five body parts (Figure 5.10) for each test. These five body parts are treated as the 

major parts to secret sweat based on the study of Li. et al. Prior to experimentation, each TA patch 

was assembled by assistants using no powdered gloves in an experiment chamber with constant 

relative humidity of 50%. Each TA patch was numbered and placed in a separate impermeable 

plastic bag (Ziploc) and weighted with an electronic balance; the weight was recorded as m0,i-j (i = 

1, 2, 3, 4, 5; j = 1, 2, 3, 4), where “i” means the number of body part and “j” means the number of 

walking state. After weighting, all sealed plastic bags were stored in a box with constant air 

temperature of 24 ℃ and constant relative humidity of 50%. The size of patch for neck was half 

of that for other parts.  
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Figure 5. 10 Sites for collecting sweat (neck, chest, back, waist and calf) 

At preparation state and each rest state, thirty seconds prior to the start of next walking, the 

skin surface area of application was wiped completely dry using paper towel. The patches were 

than stuck to the skin areas. After several minutes (less than 10 minutes) of a walking state, all 

patches were removed by assistants at the rest state, and each individual patch were placed 

immediately into its original sealed bags. All TA patches used in the experiments were stored in a 

large impermeable plastic bag and then reweighted in the chamber after finishing the whole 

experiment. For each experiment, the difference between post- and pre-experiment mass of an 

unused TA patch was determined to indicate the error induced during long period experiments. 

Usually, the error was less than 0.3 mg, which can be neglected.  

Each reweighed value of patch after one experiment was regarded as ml,i-j corresponding to 

m0,i-j. Local sweat rate was then calculated using the following equation (5.3), yielding values in 

Neck 

Chest & 

Back 

Calf 

Waist 
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mg·min-1·cm-2. Although Li. et al. (2012) once explored the relative value of perspiration in 

various parts of human body, it’s uncertain whether the values present the sweating conditions 

outdoors. Basically, in this study, we assumed the body’s total sweat rate was the summary of five 

local sweat rates, seeing Eq. (5.4). 

𝑆𝑤𝑒𝑎𝑡𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑,𝑖 =
𝑚𝑙,𝑖−𝑗−𝑚0,𝑖−𝑗

𝑆𝑝𝑎𝑡𝑐ℎ−𝑛𝑒𝑐𝑘×𝑇𝑤𝑎𝑙𝑘𝑖𝑛𝑔−𝑗
                                        

𝑆𝑤𝑒𝑎𝑡𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑,𝑖 =
𝑚𝑙,𝑖−𝑗−𝑚0,𝑖−𝑗

𝑆𝑝𝑎𝑡𝑐ℎ−𝑜𝑡ℎ𝑒𝑟𝑝𝑎𝑟𝑡𝑠×𝑇𝑤𝑎𝑙𝑘𝑖𝑛𝑔−𝑗
                                 (5.3) 

𝑚𝑠𝑤 = ∑ 𝑆𝑤𝑒𝑎𝑡𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
5
𝑖                                                    (5.4) 

where, i = 1, 2, 3, 4, 5 and j = 1, 2, 3, 4; 𝑇𝑤𝑎𝑙𝑘𝑖𝑛𝑔−𝑗 presents the time period of jth walking state; 

𝑆𝑝𝑎𝑡𝑐ℎ−𝑜𝑡ℎ𝑒𝑟𝑝𝑎𝑟𝑡𝑠  is equal to 118.75 cm2 and 𝑆𝑝𝑎𝑡𝑐ℎ−𝑛𝑒𝑐𝑘  is equal to 59.38 cm2; 𝑚𝑠𝑤  is the 

hypothetical total sweating rate of body during each experiment. It should be noted here, the sweat 

collected in this study contains the evaporated sweat and accumulated sweat on the skin surface. 

3) Thermal load  

In this study, thermal load was determined with the heat balance equation (5.5). The heat loss 

from skin was calculated by summering the convective heat loss (C), radiative heat loss (R), 

evaporative heat loss (Esw) and respiration heat loss (Qres) based on the following equations. 

𝑇ℎ𝑒𝑟𝑚𝑎𝑙𝑙𝑜𝑎𝑑(𝑇𝐿) = 𝑀 − 𝐶 − 𝑅 − 𝐸𝑠𝑤 − 𝑄𝑟𝑒𝑠        (5.5) 

𝐶 = ℎ𝑐(𝑇𝑎 −𝑀𝑆𝑇)                   (5.6) 
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where MST presents the mean skin temperature. The convective heat transfer coefficient ℎ𝑐 was 

based on the equation explore by Yu et al. (2020), which took into account the impacts of wind 

turbulence intensity on convective heat transfer. 

ℎ𝑐 = 9.93𝑢0.54 × (1 + 1.03 × 𝑇𝐼 × 𝑢0.5)           (5.7) 

𝑇𝐼 =
𝑠𝑑

𝑢
                                      (5.8) 

where 𝑢 is the mean value of wind speed in a certain period and 𝑠𝑑 is the standard deviation of 

wind speed; TI is the turbulence intensity of the wind.  

The radiative heat loss was determined by Eq. (5.9). 

𝑅 = ℎ𝑟(𝑇𝑚𝑟𝑡 −𝑀𝑆𝑇)                           (5.9) 

where 𝑇𝑚𝑟𝑡 is the mean radiant temperature; the radiative heat transfer coefficient ℎ𝑟 is assumed 

to be a constant value of 4.71 W/m2K (Xie et al., 2018). 

    The calculation of evaporative heat loss from skin was conducted using sweating rate collated 

in the study. According to Kubota et al. (1996), the regulation thermal sweating rate is a linear 

function of the mean skin temperature departure from thermal neutrality for none-heated people, 

which has been verified by Stolwijk’s data. The function is described as the following: 

�̇�𝑠𝑤 = 0.63[(𝑀 −𝑊) − 58] + 50 × ∆𝑀𝑆𝑇    (5.10) 

𝑑𝑀𝑆𝑇 = 𝑀𝑆𝑇 −𝑀𝑆𝑇𝑁                 (5.11) 

where 𝑀𝑆𝑇𝑁 present the MST at thermal neutrality; M is rate of metabolic heat production and 

W is rate of mechanical work accomplished; �̇�𝑠𝑤 presents the whole body sweating rate. 
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Based on the function between sweating rate and MST, evaporative heat loss by sweat can be 

evaluated using the following equation: 

𝐸𝑠𝑤 = 𝑟𝑒𝑣 ∙ �̇�𝑠𝑤 ∙ ℎ𝑓𝑔/3600                     (5.12) 

𝑟𝑒𝑣  is the proportion of sweat that is being evaporated, and is depending on the skin 

wettedness (Eq. 5.9). When 𝑟𝑒𝑣 is equal to 1, all secreted sweat can be evaporated (Wang et al., 

2018). 

𝑟𝑒𝑣 = 1 −
𝑤2

2
                                 (5.13) 

According to the ASHRAE fundamental, the definition of w is the ratio of present evaporative 

loss by sweat (𝐸𝑠𝑤)  and the maximum evaporative loss (𝐸𝑚𝑎𝑥 ) under the current thermal 

environment. The 𝐸𝑚𝑎𝑥 is furtherly determined by simplified equation based on the analogous 

between convective heat transfer and evaporative heat transfer. 

𝑤 =
𝐸𝑠𝑤

𝐸𝑚𝑎𝑥
                                   (5.14) 

𝐸𝑚𝑎𝑥 = (ℎ𝑐 + ℎ𝑟) ∙ 𝑖𝑚 ∙ 𝐿𝑅 ∙ (𝑃𝑠𝑘,𝑠 − 𝑃𝑎)         (5.15)     

where LR equals approximately 16.5 K/kPa and 𝑖𝑚 was set as 0.42 in calculation according 

to subjects' clothes (walking shorts) (ASHRAE, 2017). With the known of sweating rate calculated 

from the measured data and the above equations, 𝑟𝑒𝑣 was then determined. 

The respiration heat loss (Qres) was determined as the following equation: 

𝑄𝑟𝑒𝑠 = 𝑀 × [0.0173 × (5.87 − 𝑃𝑎) + 0.0014 × (𝑀𝑆𝑇 − 𝑇𝑎)]          (5.16) 
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The metabolic rate in Eq. (5.16) was determined by walking speed based on the ASHRAE 

fundamental (2007) which has been introduced in Section 5.2.2. According to Eqs. (5.5-5.16), the 

thermal load (TL) can be determined. 

 

5.2.5 Statistical analysis 

5.2.5.1 Correlation analysis 

In this work, Spearman rank correlation analysis and Pearson correlation analysis were used 

to investigate the relationships among subjective thermal perceptions, meteorological parameters 

and thermal comfort indices. Spearman rank correlation analysis is a non-parametric test that 

analyzes a monotonic function to characterize statistical dependence between two variables. The 

Pearson correlation analysis is a measure of linear correlation between two sets of data. It is the 

ratio between the covariance of two variables and the product of their standard deviations 

(Wikipedia). Pearson and Spearman correlations vary in that the confidence interval and P value 

from Pearson's can only be evaluated if both X and Y are sampled from populations with a 

Gaussian distribution. This assumption is not made by Spearman correction. 

5.2.5.2 Difference analysis 

The new factors were explored and their impacts on outdoor thermal comfort were analyzed 

in this study. To investigate the differentiation of a dependent variable under the impacts of 

independent factors, the T-test and one-way/two-way between group ANOVA analyses were 

utilized. The differentiation is validated by statistical significance, known as the P-value, which is 
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the chance of getting a research result that is at least as extreme if the null hypothesis is true. P 

values less than 0.05 were deemed significant in all analyses.  

5.2.5.3 Regression analysis (Motulsky, 2016) 

In this study, simple linear regression, multiple linear regression, simple logistic regression 

and nonlinear regression were conducted for data analysis. Simple linear regression has been 

widely used for quantifying the relationship between two dependent variables, thus for the further 

prediction works. When there are two or more independent (X) variables (sometimes called 

predictor variables) and a single dependent (Y) variable, multiple linear regression is used (also 

called a response variable or an outcome variable) (Motulsky, 2016). 

1) Simple logistic regression 

When the outcome variable (Y variable, dependent variable, response variable, etc.) has just 

two possible outcomes, logistic regression is used to evaluate the chance of identifying a success 

(Motulsky, 2016). In this context, "success" simply refers to one of those two outcomes, which 

should be determined by you’re the experimental design. As with many statistical concepts, the 

term "success" has a somewhat different meaning in this context than we're used to. For example, 

when studying the prevalence of a rare disease in a group, it’s worthwhile to observe the 

probability that one individual would contract the condition. Therefore, obtaining the illness is 

considered as a "success" in this scenario, but just for the sake of building the model. 

Thus, the goal of logistic regression is to predict the chance of a particular result occurring. 

Rather than forecasting probabilities, it is more expected that the output of the model can indicate 

whether a certain X value is likely to succeed or fail. This is referred to as classification. Setting a 
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cutoff value is the most straightforward approach to do classification. This value is a number 

between 0 and 1 that divides what is considered a "success" and what is considered a "failure." 

Setting the classification cutoff to 0.5, for example, is common. This implies that if the model 

predicts a success probability more than or equal to 0.5, the forecast is a "success" (Y=1), and if 

the model predicts a failure probability less than 0.5, the prediction is a "failure" (Y=0). Therefore, 

the intersection of the logistic regression curve and cutoff line “Y=0.5” indicates the critical X 

value for success or failure results.  

The results of likelihood ratio test and area under the ROC curve are used for examining the 

reliability of simple logistic regression results. Likelihood ratio test is to test if the slope of the 

simple logistic model is significantly different from 0. In logistic regression, ROC curves are used 

to determine the appropriate cutoff value for predicting whether a new observation is a "failure" 

(0) or a "success" (1). (1). A ROC curve is depicted in Figure 5.11. The AUC (Area Under the 

ROC Curve) statistic evaluates how effectively a logistic regression model discriminate between 

positive and negative outcomes at all possible cutoffs. It can range between 0.5 and 1, with the 

greater the value, the better. 

 

Figure 5. 11 An example of ROC curve  
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2) Gaussian regression  

A frequency distribution displays the observed data as a function of value. The cumulative 

frequency distribution shows the total number of observations as a function of the value. Each Y 

value represents the proportion of observations in the original data set with a value less than or 

equal to the X value. The Y values may be represented numerically, as fractions, or as percentages 

(Wikipedia). A bell-shaped Gaussian distribution (Figure 5.12) will appear when a frequency 

distribution (histogram) is constructed from Gaussian data. Moreover, Gaussian data create the 

cumulative distribution as a sigmoidal shape (Figure 5.13). “Mean” in the Fig. n is the X value at 

the center of the distribution and “SD” is a measure of the width of the distribution, in the same 

units as X. 
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Figure 5. 12 Gaussian probability distribution  

 

Figure 5. 13 Cumulative Gaussian probability distribution  

5.2.6 Perceptible Fluctuation Index (PFI) 

An important feature of outdoor thermal condition is its spatiotemporal fluctuating 

meteorological parameters. Such fluctuation is supposed to impact the fluctuation of subjects’ skin 

temperature due to the heat transfer process between skin and the ambient environment. In this 

study, the fluctuation of radiation field (mainly solar radiation) or wind speed is defined as the 

frequency of perceived changes in solar radiation or wind speed during movement, in another word 

the number of questionnaires surveyed within each walking period. To comprehensively 

characterize the fluctuation of measured meteorological and physiological parameters, PTI was 

derived from a Mei-Wang fluctuation (MWF) index proposed in Hydro-Wind systems (Wang et 

al., 2016). The standard deviation (S) and rotation angle were used to construct the variations in 

the PFI index, which examined both quantitative and contour variation of output for a single 

parameter. The definition of PTI can be visualized by Figure 5.15 



 

175 

 

 

Figure 5. 14 A rotation angle diagram and a line segment showing a parameter's fluctuation process 

(derived from Mei-Wang fluctuation (MWF) index)  

The S is used to describe the quantitative variations and can be calculated using Eq. (5.17): 

𝑠 = √
1

𝑁
∑ (𝑦(𝑖) − �̅�)2𝑁
𝑖=1                                                   (5.17) 

where y(i) is the ordinate of the perceived change in a parameter as a polyline in the rectangular 

coordinate system; i is the sequential number of questionnaires in a walking state; N is the total 

number of questionnaires in a walking state; �̅�  is the mean of the y(i) values; and s is the 

quantitative variation of a parameter which can be perceptible.  

    The rotation angle is used to characterize the process output's contour changes; in another 

word, the change rate in a parameter. Equations (5.18-5.20) can be used to calculate the rotation 

angle: 

𝛼 = ∑ 𝜃𝑖
𝑁
𝑖=1                                                           (5.18) 



 

176 

 

𝜃𝑖 = {

𝑎𝑟𝑐𝑡𝑎𝑛|𝑘𝑖|𝑖 = 1𝑜𝑟𝑁
|𝑎𝑐𝑟𝑡𝑎𝑛𝑘𝑖 − 𝑎𝑟𝑡𝑎𝑛𝑘𝑖−1|2 ≤ 𝑖 ≤ 𝑁 − 1, 𝑎𝑛𝑑𝑘𝑖 × 𝑘𝑖−1 ≥ 0

𝑎𝑟𝑐𝑡𝑎𝑛|𝑘𝑖| + 𝑎𝑟𝑐𝑡𝑎𝑛|𝑘𝑖−1|2 ≤ 𝑖 ≤ 𝑁 − 1, 𝑎𝑛𝑑𝑘𝑖 × 𝑘𝑖−1 < 0
         (5.19) 

𝑘𝑖 = {

𝑦(𝑖+1)−𝑦(𝑖)

𝑥(𝑖+1)−𝑥(𝑖)
1 ≤ 𝑖 ≤ 𝑁 − 1

𝑦(𝑁)−𝑦(𝑁−1)

𝑥(𝑁)−𝑥(𝑁−1)
𝑖 = 𝑁

                                     (5.20) 

where 𝜃𝑖 is the rotation angle of the process output, as shown in Figure 5.15. When 2 ≤ 𝑖 ≤ 𝑁 −

1, 𝜃𝑖 is the degree of rotation between two adjacent process line segments, while when i = 1 or 

N, it is the acute angle formed by the first or Nth line segment and a horizontal line. The slope is 

represented by 𝑘𝑖. When 1 ≤ 𝑖 ≤ 𝑁 − 1, 𝑘𝑖 is the slope of the ith line segment, while when 𝑖 =

𝑁, it is the slope of (N-1)th line segment. The symbol 𝛼 represents the contour variations of the 

process output. The abscissa and ordinate of Figure 5.14 in this study represent time and value of 

measured parameters, respectively. 

Due to walking through the urban forest, the perceptible fluctuation of Tmrt, v and MST were 

mainly discussed, as well as their impacts on outdoor thermal comfort. Basically, Eq. (5.21) was 

used to calculate PFI of Tmrt, v and MST in each walking state in one experiment. It is expected 

that the fluctuation of a parameter is comprehensively descripted by integrating the standard 

deviation and the change rate of a parameter within a period.  

𝑃𝐹𝐼 = 𝑠 × 𝛼 = √
1

𝑁
∑ (𝑦(𝑖) − �̅�)2𝑁
𝑖=1 × ∑ 𝜃𝑖

𝑁
𝑖=1                                 (5.21) 

5.2.7 Quantification of thermal needs      

    As introduced in Section 5.2.3, for every 3 minutes, subjects were asked to pick six levels 0 

to 5 to describe their overall needs to reduce solar radiation, increase wind speed, and decrease air 
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temperature, respectively, according to thermal experience in previous 3 minutes. For each 

walking state, to facilitate the comparison, the need for changing each microclimate variable was 

quantified and calculated by the following equations (5.22-5.24). The larger value indicates the 

stronger needs for changing the present variable. Basically, the general thermal needs under each 

walking state could be obtained.  

Need𝑙𝑜𝑤𝑒𝑟_𝑇𝑚𝑟𝑡 =
∑ 𝑆𝑐𝑎𝑙𝑒𝑇𝑚𝑟𝑡
𝑛
1

15𝑛
(n > 1)           (5.22)                                                                                                                            

Need𝑙𝑎𝑟𝑔𝑒𝑟_𝑣 =
∑ 𝑆𝑐𝑎𝑙𝑒𝑣
𝑛
1

15𝑛
(n > 1)                (5.23) 

Need𝑙𝑜𝑤𝑒𝑟_𝑇𝑎 =
∑ 𝑆𝑐𝑎𝑙𝑒𝑇𝑎
𝑛
1

15𝑛
(n > 1)               (5.24) 

where, 𝑆𝑐𝑎𝑙𝑒𝑇𝑚𝑟𝑡 ,  𝑆𝑐𝑎𝑙𝑒𝑣  and 𝑆𝑐𝑎𝑙𝑒𝑇𝑎  present the selected need level for changing each 

variable in one questionnaire survey; n presents the total number of questionnaire survey under 

each walking state; “15” means the maximum need level in one questionnaire survey. Thermal 

needs in above equations were abbreviated as NL_Tmrt, NA_v and NL_Ta, respectively. 

5.3 Meteorological conditions  

The measured meteorological parameters including v, Tmrt, Ta, and RH during all experiments 

were depicted in Figure 5.15. The ordinate in Figure 5.16 shows the percentage of binned values 

of a meteorological parameter. The distribution of each parameter values was fitted to Gaussian 

distribution, and the goodness-of-fit which was presented by value of R2 for each fitted line was 

presented in Table 5.3. The label with walk or rest suffix indicates the parameter measured during 

walking states or rest states. As shown in the Figure 5.15, in walking states, the mean value of 

measured Tmrt was smaller on campus than that in the community, whereas the mean value of 
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measured v was similar on campus and in the community. In general, measured air temperatures 

on campus were lower than those in the community, whereas RH values in both experiment sites 

was similar around 70%. The range of collected Tmrt, v, Ta and RH during experiments is from 

24.0 ℃ to 56.0℃, 0 m/s to 5.5 m/s, 26.5 ℃ to 33.0℃, and 60% to 80%, respectively.  
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Figure 5. 15 Distribution of measured meteorological parameters during experiments: a) mean 

radiant temperature Tmrt; b) air temperature Ta; c) wind speed v; d) relative humidity RH. 

Table 5. 3 Results of Gaussian distribution fit 
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5.4 Physiological responses  

5.4.1 Skin temperature  

Figure 5.16 and Figure 5.17 display the skin temperatures’ distribution of local body parts 

and the whole body of female and male subjects in campus (area A) and street community (area 

B), respectively, under different air temperature ranges. The skin temperature measured points 

were grouped into various body parts: the head part including the forehead, face and neck measured 

points; the core part including the chest, back and abdomen measured points; the trunk part 

including the upper-arm, lower-arm, wrist, tight, and leg points; foot part including feet. In Figure 

5.16 and Figure 5.17, the abscissa present the body parts and the whole body, and the ordinate 
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presents the skin temperature collected in the all walking states. The suffixes “F” and “M” in 

legends present female and male subjects, respectively.  
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Figure 5. 16 The measured skin temperatures on campus, grouped by various body parts in walking 

states, as well as the mean skin temperatures of the whole body, for female and male subjects under 

different air temperature ranges. 

As seen in the Figure 5.16, the black solid line and dotted line in each violin pattern present 

the quartile and median of the corresponding data group, respectively. Under Ta below 30.0℃, 

indicated by the interquartile range and median, the skin temperatures of trunk part particularly for 

female subjects, were lower than those of core and head part. The result might be resulted from 

the clothing insulation of a mask worn by subjects during experiments, which resisted the heat loss 

from face skin, or the sun shining directly on the head part of subjects during walking. Besides, 

the skin temperatures of feet for both female and male subjects were significantly high, which 

might be caused by large insulation of sneakers and socks. Generally, despite the lower skin 

temperatures of female subjects’ trunk parts than those of male subjects’, the averaged mean skin 

temperature for both female and male subjects were about 33.0 c.  
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Under Ta over 30.0℃, skin temperatures of each body part increased for both female and male 

subjects, whereas the difference in skin temperature among each body part was not significantly 

changed. It is observed that the averaged mean skin temperatures for both female and male subjects 

were about 34.5℃ as the Ta exceeded 30.0℃.  
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Figure 5. 17 The measured skin temperatures in the community, grouped by various body parts in 

walking states, as well as the mean skin temperatures of the whole body, for female and male 

subjects under different air temperature ranges.  

Figure 5.17 displays the distributions of measured skin temperatures and mean skin 

temperature of the whole body in the street community, which is similar with the results in Figure 

5.16. Despite the comparable difference in skin temperatures across various body parts between 

Figure 5.16 and Figure 5.17, female and male subjects under Ta below 30.0°C exhibited greater 

feet skin temperature in the street community as compared to the findings in Figure 5.16. It might 

be resulted from the higher surface temperature of roads in the street community if the insulations 

of socks and sneakers worn in the street community and on campus were assumed to be similar. 

Moreover, female and male subjects in the street community had higher centralized skin 
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temperatures than on campus. The averaged mean skin temperatures were about 33.5℃ for both 

female and male subjects, which agreed with the results displayed in Figure 5.16. 

Under Ta over 30.0℃, it seems that the skin temperatures of core and head parts did not 

significantly increased, whereas those of trunk part increased, making the difference in skin 

temperature between head/core part and trunk part reduced. The averaged mean skin temperatures 

was about 34.0℃ for both female and male subjects as the Ta exceeded 30.0℃. Under the same Ta 

range, the mean skin temperatures of female and male subjects collected on campus and in the 

community were compared using T test. The results indicated that the range of subjects’ mean skin 

temperature in the community was slightly but significantly larger than that on campus under the 

whole air temperature range. 

5.4.2 Sweating rate (msw) in walking states 

Figure 5.18a and Figure 5.18b depict the local sweating rates of female and male students 

during walking on campus and in the community, respectively. The column and error bar in the 

figure 5.18 present the mean value of the local sweating rate and its standard deviation, 

respectively.  The distribution and magnitude of local sweating rate in the community and on 

campus were similar, demonstrating the efficacy of the TA patch technique for measuring 

pedestrians’ sweat loss in this study. As shown in Figure 5.18, local sweating rates for both female 

and male subjects under Ta over 30.0℃ are larger than those under Ta below 30.0℃ either in the 

community or on campus. In general, male subjects had larger local sweating rates of neck and 

chest than female subjects, whereas except the condition under Ta below 30.0℃ in the Figure 5.18b, 

the local sweating rates of waist, back and calf were similar for both female and male subjects. 
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Moreover, it is observed that the local sweating rates of back and chest were larger than those of 

waist, neck and calf.  
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b) 

Figure 5. 18 Local sweating rates of subjects under thermal conditions with Ta <30.0℃ and Ta 

≥30.0℃ on a) campus and in b) communities. 

Despite the estimated local sweating rate ratio in indoor environments by Li et al. (2012), it 

is uncertain about this ratio in outdoor environments. In view of this, the body’s total sweating rate 



 

185 

 

in this study was assumed to be equal to the summary of 5 body sections’ local sweating rates. As 

the result, under Ta<30.0℃, the mean values of total sweat rates were about 0.60 g/m2·h for the 

female and 0.80 g/m2·h for the male on campus, whereas those were about 0.31 g/m2·h for the 

female and 0.67 g/m2·h for the male in the community. While under Ta over 30.0℃, the mean 

values of total sweat rates were about 1.00 g/m2·h for the female and 1.30 g/m2·h for the male on 

campus, whereas those were approximately 1.05 g/m2·h for the female and 1.30 g/m2·h for the 

male in the community. 

5.5 Fluctuating outdoor thermal environments 

The wind filed and radiation field change fast due to the urban continuum and the movement 

within a time period, thus the fluctuations of wind and radiation are the main features in the 

dynamic outdoor thermal environments. To evaluate the impacts of fluctuating wind and radiation 

on the dynamic thermal responses, the perceived fluctuation index (PFI) of wind speed (v) and 

that of mean radiant temperature (Tmrt) were calculated based on the method in Section 5.2.7. 

Figure 5.19 depicts the PFI of v (PFIv) in m/s·θ unit and PFI of Tmrt (PFImrt) in ℃·θ unit in each 

walking state on campus and in the community, and the legends indicate the walking states. 
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b) 

Figure 5. 19 Values of a) PFImrt and b) PFIv on campus and in the community 

As seen in Figure 5.19a, PFImrt in the first walking state is relatively large, and the averaged 

PFImrt values on campus were significantly larger than those in the community under all walking 
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states. The range of PFImrt is from 0 ℃·θ to 450 ℃·θ and the larger the value of PFImrt, the more 

intense fluctuation of Tmrt. The results in Figure 5.19a demonstrated that the subjects on campus 

perceived more fluctuated Tmrt than in the community. As seen in Figure 5.19b, the PFIv value was 

ranging from 0.1 m/s·θ to 17.0 m/s·θ. Besides, the averaged PFIv on campus was about two times 

of that in the community, demonstrating subjects’ perceiving more intense fluctuation of wind on 

campus. Basically, fluctuating wind speed and radiation were more intense on campus than in the 

community during the experiments. 

To facilitate the analysis of fluctuating parameters, the values of PFImrt and PFIv were 

normalized using the data standardization method presented in Chapter 3, and the normalized 

PFImrt and PFIv were designated as nPFImrt and nPFIv from 0 to 1, respectively. Their values reflect 

the perceptible fluctuation level, and the larger value indicated the greater fluctuation level. Figure 

5.20 presents the cumulative percentage of nPFImrt and nPFIv and more than 90% of values were 

lower than 0.6. The green points for nPFIv were found concentrated at the right side of red points 

for nPFImrt, which indicated the stronger fluctuation levels of v than that of Tmrt during the 

experiments. According to Figure 5.20, about 80% of nPFImrt values and nPFIv values were lower 

than 0.1 and 0.3, respectively. Basically, in this study, the fluctuations of Tmrt and v were classified 

into four levels: level 1 with 0.0≤nPFI<0.1; level 2 with 0.1≤nPFI<0.3; level 3 with 0.3≤nPFI<0.6; 

and level 4 with 0.6≤nPFI≤1.0.  
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Figure 5. 20 Cumulative distributions of nPFImrt and nPFIv values. 

5.6 Application of UTCI to evaluate dynamic thermal responses 

5.6.1 Transient thermal sensation vote (TSVt) against UTCI 

    In this study, the UTCI value was computed using transient meteorological data collected at 

the moment of answering the transient thermal sensation (TSVt), thus one UTCI value corresponds 

to one TSVt in this study. Considering the exposures to sunlight and shade cycles encountered by 

subjects during movement, TSVt values against UTCI values were discussed by sunlight and shade 

conditions. Besides, gender impacts on the relationship between the TSVt and the UTCI were 

discussed. For each group, TSVt values were averaged under each UTCI bin with 1-K width. 

    The averaged mean TSVt values with an error bar against UTCI bin on campus and in the 

community are shown in Figure 5.21a and Figure 5.21b, respectively. In each figure, six regressed 

lines between averaged TSVt values and UTCI bins under each group were obtained to indicate the 
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conventional linear relationship between the UTCI and the TSVt, and their information was 

displayed in Table 5.4. According to goodness-of-fit (R2) values and the slopes of these regression 

lines, the positive linear relationship between TSVt values and UTCI bins was not strong, 

particularly for the walking states. The greater value of R2 for the TSVt and the UTCI when subjects 

were at rest might be attributed to a more stable surroundings at rest than during movement. 
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Figure 5. 21 The averaged TSVt values with error bars against UTCI bins, grouped by gender, 

states and sunlight/shade exposure on a) campus and in the b) community. 

Table 5. 4 Linear regression results of TSVt and UTCI bins 

 

Note: Fit the line equation to the mean values of TSVt regarding to UTCI bin  

According to the UTCI thermal stress scale, UTCI range from 26 ℃ to 32 ℃, from 32 ℃ to 

38 ℃ and from 38 ℃ to 46 ℃ refer to moderate heat stress, strong heat stress and very strong heat 

stress, respectively. However, the difference in these heat stress levels was not sufficiently 

reflected by the TSVt values in Figure 5.21. Despite the shade and sunlight exposures during 

walking, the corresponding UTCI bins were found overlapped between 26.0 ℃ and 36.0 ℃ on 

campus and between 30.0 ℃ and 38.0 ℃ in the community, with the TSVt values in the shade 

were about 0.4 to 0.5 significantly lower than those in the sunlight. As shown in Figure 5.21, male 

subjects’ mean TSVt values in shade and under rest states increased quicker with increasing UTCI 

in the community than on campus. Besides, the difference in TSVt values between sunlight and 
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shade was greater for male subjects than for female subjects. It seems that male subjects' TSVt was 

more sensitive to the changes in environments than female subjects'. 

5.6.2 Mean skin temperature against UTCI 

Similar with the analysis in Section 5.6.2, the variations of MST against UTCI on campus and 

in the community were grouped by gender, state and sunlight/shade exposure. For each group, the 

MST values corresponding to TSVt values were averaged under each UTCI bin. The averaged MTS 

with error bar against UTCI bin on campus and in the community were depicted in Figure 5.22a 

and Figure 5.22b, respectively. Linear regression analysis between UTCI bins and MST values was 

conducted and the information of regression lines was shown in Table 5.5. 
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Figure 5. 22 MST values with error bars against UTCI bins, grouped by gender, state and 

sunlight/shade exposure on a) campus and in the b) community. 

Table 5. 5 Linear regression results of MST and UTCI bins 
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Note: Fit the line equation to the mean values of MST regarding to a UTCI bin 

According to Table 5.5, the R2 values of these regression lines were significantly larger than 

those in Table 5.4, indicating a relatively strong positive linear relationship between the MST and 

the UTCI. Moreover, such relationship at rest was stronger than that during movement, which 

agreed with the findings in Table 5.4. As seen in Figure 5.22, MST values are more centralized 

than TSVt values in Figure 5.21, indicating that measured MST appears to be less sensitive to the 

environmental changes than TSVt. Besides, regardless of experiment sites, averaged MST values 

under different groups showed a nearly identical linear tendency with the increasing UTCI. 

5.6.3 Whole-body sweating rate (msw) against UTCI 

    The whole-body sweating rate (msw) was assumed to be the summery of five body parts’ local 

sweating rates in this study. The msw was determined under each walking state, thus corresponding 

to the averaged UTCI value for each walking state. Figure 5.23 depicts the relationship between 

the whole-body sweating rate and the average UTCI value, which is also grouped by experiment 

site and gender. The linear regression analysis was conducted for msw values and averaged UTCI 

values for each group, and the information of the lines were presented in Table 5.6. Although the 

slopes of these lines were significantly non-zero, there is a weak positive linear relationship 

between the msw and the UTCI. It is noted that rather than increasing with UTCI, msw value extends 

in the positive direction along the Y axis within UTCI bin with a 1-K width.  
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Figure 5. 23 Whole-body sweating rate against the averaged UTCI, grouped by experiment site 

and gender. 

5.7 Impacts of gender, experiment site and heat stress level on TSVt, MST and msw 

    Under the same experiment site and UTCI heat stress level, the gender impacts on the TSVt, 

MST and msw were investigated in Figure 5.24a, Figure 5.24b and Figure 5.24c, respectively. Under 

each UTCI heat stress level, gender impacts on TSVt and MST between campus and community, 

as well as` between moderate and strong heat stress were compared with a one-way ANOVA test. 

The stars and connecting lines in the figure indicate the significant difference in TSVt or MST or 

msw values between two connected columns.  
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Figure 5. 24 Impacts of gender on a) TSVt, b) MST and c) msw on campus and in the community.  

As seen in the Figure 5.24a, the gender impact was significant on campus, with larger TSVt 

values of female subjects than those of male subjects by about 0.5. Moreover, TSVt values were 

larger in the community than on campus in either moderate heat stress or strong heat stress. Despite 

a defined moderate or strong heat stress, the averaged TSVt value of subjects in community was 

about 1.0, demonstrating a slightly warm sensation indicated by ASHRAE seven-point thermal 

sensation scale. However, averaged TSVt value on campus significantly increased with the 

increasing heat stress level. Basically, impacts of heat stress level and gender on TSVt values were 

more significant on campus than in the community. 

In terms of the MST shown in Figure 5.24b, under moderate heat stress, the averaged MST 

value was between 33.0℃ and 33.5℃, and the averaged MST value of male subjects were about 
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0.5 ℃ significantly larger than those of female subjects. Moreover, averaged MST value in the 

community was slightly larger than that on campus. Under strong heat stress, the mean MST values 

increased to around 34.0℃, the difference in MST values caused by gender and experiment site 

was not much significant. Figure 5.24c shows the impacts of gender, experiment site and heat 

stress level on the whole-body sweating rate. It can be seen that generally msw value increased with 

the increase of the heat stress, and msw values on campus were larger than those in the community 

under the moderate heat stress. Moreover, male subjects’ mean msw value was slightly larger than 

female subjects’, and the difference in mean msw value between male subjects and female subjects 

seems not be affected by experiment site and heat stress level.  

According to the results in Figure 5.24, under the moderate heat stress, despite male subjects’ 

larger MST and msw values than female subjects’, male subjects’ TSVt values were relatively 

smaller. Moreover, under the moderate heat stress, msw values were larger on campus than in the 

community, whereas the MST values and TSVt values were lower on campus than in the 

community. As the heat stress turned to strong, regardless of the increased MST and msw values, a 

much smaller increase in TSVt values in the community than that on campus was observed. 

Basically, it seems that larger sweating rate was related to a smaller TSVt in this study. However, 

such relationship might be extra affected by gender and experiment site, which motivated the 

further exploration. Besides, the impacts of gender and experiment site on TSVt, MST and msw were 

greater under the moderate heat stress than under the strong heat stress, and gender appears to be 

a predominant factor resulting in the difference in thermal responses under the moderate heat stress. 
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5.8 Impacts of nPFIv and nPFImrt on perceived heat stress 

5.8.1 Impacts of nPFIv 

    Illustrated by results in above sections, UTCI and the corresponded stress level were found 

insufficient to accurately reflect thermal responses during movement in the urban continuum. In 

light of this, we hypothesized that the deviation of perceived thermal condition from evaluated one 

by UTCI was resulted from the fluctuating v and Tmrt, since the varied v and Tmrt appear either in 

an annoyed way or a pleasant way in terms of feeling. Under this complicated thermal condition, 

thermal perceptions thus become uncertain and varied. To validate the hypothesis, the heat stress 

reflected by TSVt and UTCI were compared under different nPFImrt and nPFIv levels. Figure 5.25 

shows the distribution of TSVt and UTCI under different nPFIv levels. The one-way ANOVA 

analysis was conducted for TSVt and UTCI, respectively, and the results were shown in Table 5.6.  
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Figure 5. 25 Impacts of nPFIv levels on the heat stresses evaluated by TSVt and UTCI. 

Table 5. 6 One-way ANOVA analysis for the TSVt and UTCI  



 

199 

 

 

According to the results in Figure 5.25 and Table 5.6, TSVt values significantly decreased 

with increasing nPFIv levels, whereas UTCI slightly increased with increasing nPFIv levels. It is 

expected that the more frequent the subjects perceived the wind changes, the more cooling effects 

on thermal sensations provided by these perceived wind changes, which cannot be detected by 

UTCI.  

5.8.2 Impacts of nPFImrt 

    This section furtherly explored the impacts of nPFImrt levels on nTSVt and normalized UTCI 

(nUTCI) under each nPFIv level. In addition to depict the cumulative distribution curves of nTSVt 

and nUTCI values under different combined nPFIv and nPFImrt levels, the spearman correlation 

analysis was conducted for nPFImrt levels and corresponding nTSVt and nUTCI values under each 

nPFIv level. The coefficients were displayed in Table 5.7 (“SC” in Table 5.7 indicates the 

Spearman correlation coefficient). Figure 5.26 shows the fitted cumulative distribution curves of 
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nTSVt and nUTCI values grouped by nPFIv and nPFImrt levels, and the information of these curves 

was presented in Table 5.7 and Table 5.8.  
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Figure 5. 26 Comparison of the heat stresses evaluated by nTSVt and nUTCI under the impacts of 

nPFImrt levels under different nPFIv levels: a) nPFIv1; b) nPFIv2; c) nPFIv3; and d) nPFIv4.  

Table 5. 7 Information of the cumulative distribution curves for nTSV and nUTCI and the spearman 

correlation results 
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Table 5. 8 Goodness of fit of the fitted cumulative distribution curves  

 

According to the results in Figure 5.26 and Table 5.7, for all nPFIv levels, despite that TSVt 

was less correlated to nPFImrt levels, heat stress evaluated by TSVt was hotter than that evaluated 

by UTCI under nPFImrt1 and nPFImrt2, but became cooler when nPFImrt was larger than level 2. 

Illustrated from the results, impacts of the same nPFImrt level on TSVt can be diminished by 

increasing nPFIv levels, which might be resulted from the increased convective heat loss from skin.  



 

202 

 

5.9 Integrated impacts of nPFIv and nPFImrt on pedestrians’ thermal responses 

5.9.1 Impacts of nPFIv and nPFImrt on the MST     

    According to the above results, both nPFIv and nPFImrt had significant impacts on heat stress 

evaluated by TSVt, which was supposed to be interpreted as the reason of the fluctuating MST 

which was resulted from fluctuating wind and radiation and involved the convective and radiative 

heat losses from human body. Thus, to examine the mixed influences of thermal environments, we 

assumed that in this study, the integrated effects of nPFIv and nPFImrt could be somehow reflected 

by the fluctuating MST. The MST values for determining the perceived fluctuation of MST (PFImst 

in ℃·θ unit) corresponded to the Tmrt and v values for determining the PFImrt and PFIv, then PFImst 

values in all experiments were normalized to nPFImst values. Basically, for each subject during 

each walking state, there was a matched nPFIv, nPFImrt and nPFImst. Given that the sensitive heat 

loss which theoretically determines the thermal perception is related to v0.5, Tmrt, and Ta, and that 

the nPFIv and nPFImrt are derived from v and Tmrt, the nPFImst was assumed to be related to 

(nPFIv)
0.5, nPFImrt, and normalized Ta (nTa). The assumption was thus examined by the multiple 

linear regression analysis among nPFIv
0.5, nPFImrt, nTa and nPFImst, and the results were shown in 

Table 5.9.  
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Table 5. 9 The multiple linear regression analysis results 

Model Abstract 

Goodness of fit 

R squared 0.381 
 

Significance  0.000 
 

F 20.028 
 

 
Input variable 

 
nPFImrt (nPFIv)

0.5 nTa 

Coefficient  0.410 0.134 0.153 

Normalized 

coefficient 
0.384 0.148 0.196 

Significance 0.000 0.038 0.007 

 

According to Table 5.9, the multiple linear relationship was examined to be significant despite 

that input variables nPFIv
0.5, nPFImrt and nTa can only explain around 40% of the fluctuating MST 

in this study. Moreover, it is verified that the fluctuating v and Tmrt had significant and positive 

impacts on fluctuating MST, and the impacts of fluctuating Tmrt were stronger according to the 

normalized coefficient of nPFImrt in Table 5.10. The results on the one hand might be attributed to 

the slow responses of measured skin temperature to the changes in v and Tmrt. On the other hand, 

the relationship among nPFIv
0.5, nPFImrt, nTa and nPFImst might be more sophisticated than that 

presented by a multiple line equation. Nevertheless, a stronger fluctuations of wind and radiation 

leads to a stronger fluctuation of MST. Furthermore, greater air temperatures cause subjects to be 

more sensitive to variations in wind and solar radiation, resulting in a larger observed fluctuation 

of MST. Thus, the regressed multiple line equation 5.25 on the one hand can predict the MST 
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fluctuation with nPFImrt and nPFIv, and on the other hand integrates the fluctuating v and Tmrt to 

evaluate the mixed fluctuating environment on human thermal responses.  

𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑𝑛𝑃𝐹𝐼𝑚𝑠𝑡 (𝑛𝑃𝐹𝐼𝑚𝑠𝑡 ∗) = 0.410 × 𝑛𝑃𝐹𝐼𝑚𝑟𝑡 + 0.134 × (𝑛𝑃𝐹𝐼𝑣)
0.5 + 0.153 × 𝑛𝑇𝑎 −

0.014      (5.25) 

5.9.2 Impacts of nPFImst* on pedestrians thermal needs 

If pedestrians were treated as the consumers of ambient thermal environments, their needs for 

cooling or warming should be recognized in order to improve thermal environments satisfying 

their thermal demands. The needs for reducing solar radiation (NL_Tmrt), amplifying wind speed 

(NA_v), and lowering air temperature (NL_Ta) under each walking state were determined using the 

method introduced in Section 5.2.8. Therefore, the tendencies of NL_Tmrt, NA_v and NL_Ta with 

varying nPFImst* under two Ta ranges were observed in Figure 5.27a and Figure 5.27b.  

In Figure 5.27, NL_Tmrt, NA_v and NL_Ta values were averaged for each nPFImst* bin with 0.01 

width. As seen in Figure 5.27a under Ta <30.0℃, despite that notable deviations of NL_Tmrt, NA_v 

and NL_Ta against nPFImst*, NA_v and NL_Ta had negative linear tendencies with increasing nPFImst*, 

and NL_Tmrt had a positive linear tendency with increasing nPFImst*. The results of linear regression 

analysis in Figure 5.27a were shown in Table. 5.10. Based on the values of slope k, under the same 

air temperature range, if the nPFImst* increased from 0.02 to 0.4, the NA_v and NL_Ta would decrease 

by about 0.1. It means that the overall need scales for amplifying wind speed or reducing air 

temperature would reduce by 0.1 times 15n scales in a walking state (seeing Eqs. 5.22 to 5.24 in 

Section 5.2.8). For example, if there were 3 surveys of interviewing thermal needs (n=3) in a 

walking state, the total need scales of reducing air temperature would decrease by 4 to 5 scales.  
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Figure 5.27b depicts the tendencies of NL_Tmrt, NA_v and NL_Ta under Ta of larger than 30.0℃. 

Very different from the results in Figure 5.27a, the tendencies of NL_Tmrt and NA_v fit well with 

nPFImst* in quadratic curves. However, considering that the values of needs corresponding to 

nPFImst* below 0.1 were very few, the linear regression analysis was still conducted under the 

nPFImst* range between 0.1 and 0.5, and the regression analysis results were presented in Table 

5.10. It can be seen that the slopes of regression lines in Figure 5.27b were larger than those in 

Figure 5.27a, which demonstrated a more significant cooling effect of increasing nPFImst* within 

the range between 0.1 and 0.5 under higher air temperature.  

If the nPFImst* increased from 0.1 to 0.5, the NA_v and NL_Ta would decrease by about 0.2, two 

times of that in Figure 5.27a. Therefore, if there were 3 surveys of interviewing thermal needs 

(n=3) in a walking state, the total need scales of amplifying wind speed or reducing air temperature 

would decrease by 9 scales. Illustrated from the results, subjects under higher air temperature are 

sensitive to the fluctuation of wind and radiation, and a slight increase in nPFImst* resulted from 

the increase in nPFIv and nPFImrt could provide notable cooling effects.  
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b) 

Figure 5. 27 The drop in NA_v and NL_Ta under impacts of nPFImst* under a) Ta range of 28.0℃≤ 

Ta ≤30.0℃ and b) Ta range of 30.0℃< Ta ≤33.0℃, respectively.   

Table 5. 10 Results of linear regression analysis for nPFImst* and NA_v and NL_Ta 

 Linear equation 
Goodness of                                             

Fit 

Is slope significantly 

non-zero? 

   R squared P value 

28.0℃≤Ta<30.0℃  
NA_v =  -0.2832*nPFImst

*+ 0.1141 0.2405 0.0388 

NL_Ta = -0.2753*nPFImst
* + 0.0922 0.2132 0.0466 

30.0℃≤Ta≤33.0℃ 
NA_v = -0.4256*nPFImst

* + 0.2300 0.7513 <0.0001 

NL_Ta = -0.3779*nPFImst
* + 0.1953 0.6761 <0.0001 

 

One possible reason for the difference in cooling effects of an increase of nPFImst* between 

Figure 5.27a and Figure 5.27b was the low thermal expectation or “Alliesthesia” effects. 
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According to De Dear et al, “Alliesthesia” occurs as a result of a rise or reduction in the departure 

of certain controlled variables from their set point. Under the hot-biased thermal conditions, 

pedestrians might unconsciously reduce their thermal expectations; thus, strong fluctuations in v 

or Tmrt, which make the thermal condition deviate negatively from the current one, may bring 

frequent pleasant feelings for subjects, resulting in a greater acceptance of microclimate variables. 

The other one might be that the sweat evaporation heat loss was strengthened by the increased 

fluctuation of v, which could chill down sweaty subjects under higher air temperature. These 

possible reasons might be furtherly validated in the following sections.  

5.9.3 Impacts of nPFImst* on possibility of pleasant feelings 

As discussed in above section, it is assumed that the drop in NA_v and NL_Ta with increasing 

nPFImst*; in another word, the increased acceptance of thermal conditions, was resulted from the 

frequent pleasant feelings brought by strong fluctuations of v and Tmrt. Therefore, how fluctuating 

v and Tmrt provide pleasant feelings were explored in this section. According to Section 5.2.3, TP 

designed in this study was to reflect the Alliesthesia effect when encountering a stimulation from 

fluctuating v and Tmrt.  

    Similarly, the integrated fluctuation of v and Tmrt was represented by nPFImst* in this section. 

Considering the importance of sweating level that indicates the air temperature and produces 

pleasant feelings when encountering fluctuating wind, the possibility of pleasant feelings against 

sweating rate was examined under nPFImst* bins, and the results were shown in Figure 5.28. The 

values of sweating rate were classified into five ranges: 0≤msw≤0.5 mg/cm2·min, 0.5<msw≤1.0 

mg/cm2·min, 1.0<msw≤1.5 mg/cm2·min, 1.5<msw≤2.0 mg/cm2·min, and msw>2.0 mg/cm2·min. 
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Then the possibilities of pleasant and annoyed feelings were determined under each combination 

of nPFImst* bin and sweating rate range. 
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Figure 5. 28 Possibilities of a) pleasant feelings and b) okay feelings influenced by sweating rate 

under different nPFImst* bins.  
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According to Figure 5.28a, the possibilities of pleasant feelings against msw ranges under 

nPFImst* bin of 0.2 were the lowest around 20%, they showed an upward trend with increasing msw 

under nPFImst* bin over 0.3. It is interesting to note that for the same sweating rate, there is a 

parabola tendency of pleasant feeling possibility against nPFImst* bins. The results might be 

attributed to the weaker fluctuating solar radiation under lower nPFImst* bin and stronger 

fluctuating wind under higher nPFImst* bin that promoted the evaporative heat loss from skin. The 

highest possibility of pleasant feelings was observed when msw was between 1.0 and 2.0 

mg/cm2·min under either nPFImst* bin of 0.1 or nPFImst* bin over 0.3. Nevertheless, the possibility 

of annoyed feelings almost did not exceed 50%, indicating that at least half of subjects accepted 

the fluctuating wind and solar radiations in the two urban continuums.   

5.10 Pleasant and annoyed v, Tmrt and ∆MST  

5.10.1 Pleasant and annoyed Tmrt 

With the knowledge of subjects’ thermal responses being affected by perceptible fluctuating 

Tmrt and fluctuating v, in another word the fluctuating MST, the Tmrt and v that could bring pleasant 

feelings to pedestrian’s were explored with simple logistic regression analysis. Simultaneously, 

the allowed variation of Tmrt and v for acceptable (it’s okay) environments were uncovered.  

To explore the pleasant or annoyed Tmrt, impacts of nPFImrt level and wind speed should be 

taken into account. Therefore, wind speed collected during experiments was grouped into two 

ranges: v<1.0 m/s and v≥1.0 m/s. For each wind speed range, pleasant or annoyed Tmrt was 

discussed under four nPFImrt levels. The probabilities of Tmrt value corresponding to “TPt=3” and 

“TPt=1” were assigned as “1” and “0”, respectively, for conducting the simple logistic regression 
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analysis for Tmrt. The number "1" showed that the Tmrt was correctly anticipated to be the pleasant 

Tmrt, but the value "0" indicated that the Tmrt was incorrectly forecasted to be the pleasant Tmrt.The 

result was shown in Figure 5.29 and Table 5.11.  
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b) 

Figure 5. 29 Simple logistic distribution of pleasant and annoyed Tmrt under a) v≥1.0 m/s and b) 

v<1.0 m/s 

Table 5. 11 Results of simple logistic regression for Tmrt under nPFImrt levels, grouped by two wind 

speed ranges  

 

According to Table 5.11, the “P<0.05” of likelihood ratio test and area under the ROC curve 

indicate the significance of regressed curve. As shown in Figure 5.29a, the position of the regressed 

curves varied with different nPFImrt levels. It should be noted that due to a little data under nPFImrt4, 

the pleasant or annoyed Tmrt under nPFImrt4 and nPFImrt3 was discussed together. The intersections 

at the “Y=0.5” line and the regression curves showed the maximum Tmrt (Tmrt_max) to bring 

pleasure to subjects under v≥1.0 m/s. The regressed curves indicated that if a Tmrt was larger than 

Tmrt_max, it was predicted to make people annoyed, whereas if a Tmrt was lower than Tmrt_max, it 

was predicted to make people pleasant. From Figure 5.29a, Tmrt_max was determined as 38.42℃, 

41.54℃, and 47.18℃, respectively for nPFImrt1, nPFImrt2, and nPFImrt3&4. The Tmrt_max was found 

increased with increasing nPFImrt level, demonstrating that a larger fluctuation of Tmrt could result 

in a more acceptance of higher Tmrt.  
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As seen in Figure 5.29b, when the wind speed decreased below 1.0 m/s, the Tmrt_max was 

found significantly decreased under all nPFImrt levels. Tmrt_max was determined as 35.07℃, 

33.62℃, and 39.61℃, respectively for nPFImrt1, nPFImrt2, and nPFImrt3&4. When comparing with 

the results in Figure 5.29a, acceptance of Tmrt was reduced due to the drop in wind speed, regardless 

of the same fluctuation of Tmrt. Nevertheless, the Tmrt_max was larger under nPFImrt3&4, 

demonstrating that the intense fluctuation of Tmrt can certainly help people to accept a relatively 

higher Tmrt. However, when Tmrt exceeded 47.18 ℃, the Tmrt would be definitely predicted to 

irritate pedestrians.  

5.10.2 Pleasant and annoyed v 

    Similar with the analysis in Section 5.10.1, impacts of nPFIv level and Tmrt should be taken 

into account when exploring the pleasant or annoyed v. Illustrated from the results in Figure 5.29, 

Tmrt lower than 35.0℃ was supposed to be predicted as the pleasant Tmrt under all wind speed. 

Therefore, Tmrt in this section was grouped into two ranges: Tmrt<35.0 ℃ and Tmrt≥35.0 ℃. For 

each Tmrt range, pleasant or annoyed v was discussed under four nPFIv levels. The probabilities of 

v corresponding to “TPt=3” and “TPt=1” were assigned as “1” and “0”, respectively, for 

conducting the simple logistic regression analysis for v. The result was shown in Figure 5.30 and 

Table 5.12.  
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b) 

Figure 5. 30 Simple logistic distribution of pleasant and annoyed v under a) Tmrt≥35.0 ℃ and b) 

Tmrt≥35.0 ℃ 

Table 5. 12 Results of simple logistic regression for v under nPFIv levels, grouped by Tmrt ranges 
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According to Table 5.12, the “P<0.05” of likelihood ratio test and area under the ROC curve 

indicate the significance of regressed curve. Figure 5.30a shows the predicted probability of 

pleasant and annoyed v under Tmrt≥35.0 ℃, and the nPFIv levels did not significantly influence the 

position of the regressed curves. Due to a little data under nPFIv4, the pleasant or annoyed v under 

nPFIv4 and nPFIv3 was discussed together. The intersections at the “Y=0.5” line and the regression 

curves showed the minimum v (v_min) to bring pleasure to people under Tmrt≥35.0 ℃. The 

determined v_min values were found to be about 2.0 m/s for all nPFIv levels, suggesting that 

regardless of fluctuating wind, the wind speed that could make people pleasant should be larger 

than 2.0 m/s as long as the Tmrt was greater than 35.0 ℃. The fluctuation level of wind speed had 

little impacts on the pleasant wind speed. 

As seen in the Figure 5.30b, the regressed simple logistic curve was above the “Y=0.5” dotted 

line, demonstrating that as long as the Tmrt was lower than 35.0 ℃, any wind speed larger than 0 

could make people pleasant. The result might be also attributed to the pleasant Tmrt of lower than 

35.0 ℃, making wind speed a less effective factor influencing the pleasant or annoyed feelings.       

5.10.3 Pleasant and annoyed ΔMST  

Based on the results in Section 5.9.1 that fluctuating MST depended on the fluctuating v and 

Tmrt, the change in MST for triggering pleasant or annoyed feelings was examined in addition to 
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the pleasant or annoyed v and Tmrt. During walking, the difference between sequential MST (ΔMST) 

corresponding to each survey was computed for each subject and then matched to TPt following a 

perceptual change in wind or solar radiation. To explore the threshold of ΔMST that triggers 

annoyed feelings (ΔMST_annoyed), the probability of ΔMST corresponding to “TPt=1” was 

assigned with “1”, demonstrating that ΔMST successfully triggered the annoyed feelings. The 

probability of ΔMST corresponding to “TPt=2” was assigned with “0”, indicating that the ΔMST 

was only acceptable. The probability distribution of ΔMST was observed by simple logistic 

regression curve, which is shown as the red curve in Figure 5.31.   

Similarly, to explore the threshold of ΔMST that triggers pleasant feelings (ΔMST_pleasant), 

the probability of ΔMST corresponding to “TPt=3” was assigned with “1”, demonstrating that the 

ΔMST successfully triggered the pleasant feelings. The probability of ΔMST corresponding to 

“TPt=2” was assigned with “0”, indicating that the ΔMST was only acceptable. The probability of 

ΔMST was also observed by simple logistic regression curve, which is shown as the green curve 

in Figure 5.31. The information of two curves was displayed in Table 5.13.  
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Figure 5. 31 Simple logistic regression curves for exploring the threshold of ΔMST that makes 

pedestrian pleasant and annoyed. 

Table 5. 13 Results of simple logistic regression for possibility of pleasant and annoyed change in 

sequential MST 

 

As seen in the Figure 5.31, ΔMST_annoyed and ΔMST_pleasant were thus determined by the 

X values at 50% for the red curve and the green curve, respectively. The value of ΔMST_annoyed 

is 0.5℃, demonstrating that an increase of MST larger than 0.5 within 2 minutes has great 

probability to trigger uncomfortable feelings of pedestrians in hot summer days with air 

temperature larger than 28.0℃. The values of ΔMST_pleasant is -0.22℃, indicating that a drop in 

MST larger than 0.22 within 2 minutes has great probability to trigger the pleasant feelings. 

Accordingly, the ΔMST between -0.22 and 0.5 would be accepted by most of people in hot summer 

days. Moreover, the magnitude of ΔMST_annoyed is found larger than that of ΔMST_pleasant, 

which might be resulted from more cool chemoreceptors distributed on the skin surface and more 

sensitivities to the drop in MST. On the other hand, subjects showed a considerable tolerance to 

the warm-biased change in environments. Illustrated from Figure 5.31, by controlling a frequent 

decline in MST greater than or equal to an increase of MST, the corresponding dynamic thermal 

environments could be greatly acceptable and pleasant. 
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The accuracy of predicted ΔMST_pleasant and ΔMST_annoyed was examined furtherly. The 

percentages of “TPt=1”, “TPt=3” and “TPt=2” under ranges of “ΔMST≥0.5”, “ΔMST≤-0.22”, and 

“-0.22<ΔMST<0.5” were calculated to be 57.1%, 61.0%, and 51.7%, respectively. The percentages 

of larger than 50.0% indicate the acceptable ΔMST_pleasant and ΔMST_annoyed on the summer 

days with Ta of larger than 28.0℃.   

5.11 Fluctuating Tmrt and v for acceptable environments 

The acceptable thermal environments in which subjects voted for “TPt=2” (It’s okay) were 

selected to observe the corresponding wind and radiation conditions. It should be noted that “TPt 

=2” could cover a wide range of TSVt from cool to hot. Therefore, to restrict the fluctuating Tmrt 

and v, Tmrt and v corresponding to “TSVt≤0.5 (neutral)” and “TSVt≥1.5 (warm)” were selected as 

the thresholds of acceptable Tmrt and v. The cumulative probabilities of acceptable Tmrt and v were 

observed under nPFIv levels and nPFImrt levels, respectively, and the results were shown in Figure 

5.32 and Figure 5.33. The Gaussian cumulative distribution curves were applied to fit the 

probabilities of acceptable Tmrt and v, and the information of the curves were presented in Table. 

5.14.  

Figure 5.32 shows the cumulative probability distributions of v grouped by TSVt ranges and 

nPFImrt levels. These curves reflected the wind speed that made up the acceptable thermal 

environments. The dotted and solid curves presented the cumulative probability distributions of v 

corresponding to “TSVt≥1.5 (warm)” and “TSVt≤0.5 (neutral)”, respectively. The dotted curves 

over the solid curves demonstrated that the wind speed corresponding to “TSVt≥1.5” concentrated 

at smaller side. According to the space between solid and dotted curves, nPFImrt levels had little 

impacts on the acceptable wind speed.  
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Figure 5. 32 Cumulative distribution of wind speed, grouped by nPFImrt levels and thermal 

sensation ranges 

We depicted lines of “Y=0.25”, “Y=0.5” and “Y=0.75” on the Figure 5.32 to furtherly explore 

the acceptable variation of wind speed. The X values at intersections of “Y=0.5” line and curves 

are mean values of v (𝛍) under different conditions. The largest 𝛍 of 1.3 m/s was found under 

nPFImrt2 (neutral), and the smallest of 1.0 m/s was found under other conditions. The X values at 

the intersections of the line “Y=0.25”, line “Y=0.75” and curves were thought to limit the 

acceptable range of 𝛍, which suggested that fluctuating wind within this range has a 50% chance 

of making acceptable thermal conditions. Illustrated from Figure 5.32, the acceptable variation of 

wind speed could be 1.0-1.3 m/s ± 0.3-0.4 m/s.  

Figure 5.33 shows the cumulative probability distributions of Tmrt, which were grouped by 

TSVt ranges and nPFIv levels. The regressed distribution curves reflected the Tmrt that made up the 

acceptable thermal environments under fluctuating wind speed. The dotted and solid curves 

presented the distribution of Tmrt corresponding to “TSVt≥1.5 (warm)” and “TSVt≤0.5 (neutral)”, 

respectively. The solid curves above the dotted curves demonstrated that Tmrt corresponded to 
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“TSVt≤0.5” concentrated at smaller side. Unlike the results in Figure 5.32, there was a significant 

discrepancy among solid and dotted curves, which were resulted from significant impacts of nPFIv 

levels. It’s obvious to see that the solid and dotted curves all moved in the positive direction of X-

axis as the nPFIv level increased. The results demonstrated that a stronger fluctuating wind can 

help subjects accept higher Tmrt.  
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Figure 5. 33 Cumulative distribution of Tmrt, grouped by nPFIv levels and thermal sensation ranges 

We depicted lines of “Y=0.25”, “Y=0.5” and “Y=0.75” on the Figure 5.33 to furtherly explore 

the acceptable variation of Tmrt. The X values at intersections of “Y=0.5” line and curves were 

mean values of Tmrt (φ) under different conditions. Under each nPFIv level, the first acceptable 

variation of φ was determined by φ values at solid line and dotted line, allowing the thermal 

sensations changing between neutral and warm in an acceptable environment. And the second 

variation of φ was determined by X values at intersections of the line “Y=0.25”, line “Y=0.75” 

and curves under each condition, in which the fluctuating Tmrt has 50% chance of providing 

acceptable environments. Therefore, for sequential nPFIv levels, the variation of Tmrt for acceptable 

environments was from 33.3±2.0℃ to 37.0±2.5℃, from 34.5±2.0℃ to 37.7±3.0℃, and from 
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35.7±3.5℃ to 40.5±5.5℃, respectively. It is observed that the acceptable range of Tmrt increased 

with increasing nPFIv level, demonstrating that a larger wind fluctuation could allow for a wider 

variation of Tmrt for making up an acceptable environment.   

Table 5. 14 The goodness of fit of Gaussian cumulative distributions for acceptable v under nPFImrt 

levels and for acceptable Tmrt under nPFIv levels 

 

5.12 Discussion  

5.12.1 Equivalent cooling effects 

Despite the understanding of the significant impacts of fluctuating v and Tmrt on thermal 

responses on hot summer days, whether the fluctuating environment has the equivalent cooling 

effects of reducing air temperature is unknown. In this section, the fluctuating environments were 

reflected by nPFImst*, and the averaged air temperature (𝑇𝑎̅̅ ̅), as well as the averaged TPt (𝑇𝑃𝑡̅̅ ̅̅ ̅), 

were determined for each subject during each walking state. Thus, each subject in each walking 

state matched to a specific group values of 𝑇𝑎̅̅ ̅, 𝑇𝑃𝑡̅̅ ̅̅ ̅, and nPFImst*.  

To investigate the equivalent cooling effects of nPFImst*, the distribution of 𝑇𝑎̅̅ ̅ 

corresponding to “𝑇𝑃𝑡̅̅ ̅̅ ̅≥2” and “𝑇𝑃𝑡̅̅ ̅̅ ̅<2” were observed under each nPFImst* bin with 0.1 width, 
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and the results were shown in Figure 5.34. “𝑇𝑃𝑡̅̅ ̅̅ ̅≥2” and “𝑇𝑃𝑡̅̅ ̅̅ ̅<2” represent the comfortable biased 

environment and uncomfortable biased environment, respectively. The box presents the 50% of 

the 𝑇𝑎̅̅ ̅ values and the black spot in the box presents the mean value of 𝑇𝑎̅̅ ̅. As seen in the Figure 

5.34, the difference in mean value of 𝑇𝑎̅̅ ̅ between “𝑇𝑃𝑡̅̅ ̅̅ ̅≥2” and “𝑇𝑃𝑡̅̅ ̅̅ ̅<2” under each nPFImst* bin 

decreased with increasing nPFImst*. It was resulted from the nearly unchanged average 𝑇𝑎̅̅ ̅ at 

around 31.0℃ under“𝑇𝑃𝑡̅̅ ̅̅ ̅<2” but increased average 𝑇𝑎̅̅ ̅ from 28.5 ℃ to 30.0℃ under “𝑇𝑃𝑡̅̅ ̅̅ ̅≥2”. 

Accordingly, it can be speculated that thermal environments with higher air temperature but 

stronger fluctuating v and Tmrt could produce a comparable feeling as that under lower air 

temperature with weaker fluctuating v and Tmrt. In another word, it is expected that impacts of 

increasing fluctuating v and Tmrt are equivalent to reducing air temperature by about 1.0-2.0℃ on 

hot summer days with air temperature lower than 33.0℃.  
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Figure 5. 34 The distribution of 𝑇𝑎̅̅ ̅ corresponding to “𝑇𝑃𝑡̅̅ ̅̅ ̅≥2” and “𝑇𝑃𝑡̅̅ ̅̅ ̅<2” under nPFImst* bins.  
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    The result in Figure 5.34 might be explained as that on the one hand the strong fluctuation of 

MST; in another word the strong fluctuation of v and Tmrt, caused the rapid heat transfer process at 

skin surface and thus rapidly relieved heat stress from body without significantly cumulating heat 

in the body within a period. On the other hand, frequent “cool warnings” brought by strong 

fluctuation of MST counterbalance or even overshoot the inner “hot warnings” in an alliesthesia-

like way. However, for small and moderate fluctuation of MST, there is a time to accumulate heat 

in the body, thus a reduction in Ta could be more effective to relieve the heat from body and 

significantly increase pleasant feelings. 

5.12.2 Intergradation of UTCI and nPFI for predicting TSVt 

As discussed in the Section 5.6, the correlation between TSVt and UTCI was weak under 

dynamic outdoor thermal environments, which was found to be influenced by perceived 

fluctuating v and Tmrt. In view of this, this section was to explore the integration of UTCI, nPFImrt 

and nPFIv to predict dynamic thermal sensation TSVt. The transient UTCI values in each walking 

state were averaged and presented as 𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅. Simultaneously, TSVt values in each walking state 

were averaged to 𝑇𝑆𝑉𝑡̅̅ ̅̅ ̅̅ ̅ and match to the 𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅.  

1) Difference between DTS and TSVt  

As introduced in the introduction section, there was a dynamic thermal sensation (DTS) in 

relation to a UTCI value generated from various thermal conditions. DTS can be comparable with 

TSVt due to their transient natures. Similarly, the averaged DTS (𝐷𝑇𝑆̅̅ ̅̅ ̅̅ ) in each walking state was 

calculated and matched to 𝑇𝑆𝑉𝑡̅̅ ̅̅ ̅̅ ̅. The data was grouped by 𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅ rounded to 1-K-bins, and the 

difference between𝑇𝑆𝑉𝑡̅̅ ̅̅ ̅̅ ̅ and 𝐷𝑇𝑆̅̅ ̅̅ ̅̅  (𝑇𝑆𝑉𝑡̅̅ ̅̅ ̅̅ ̅ − 𝐷𝑇𝑆̅̅ ̅̅ ̅̅ = ∆𝑇𝑆) was calculated for each 𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅ bin. 



 

223 

 

The mean value of ∆𝑇𝑆 and its standard deviation was depicted against 𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅ bins in Figure 

5.35. 
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Figure 5. 35 The ∆𝑇𝑆 against UTCI bins 

It can be seen that the mean values of ∆𝑇𝑆 were lower than 0, indicating the lower𝑇𝑆𝑉𝑡̅̅ ̅̅ ̅̅ ̅ 

than 𝐷𝑇𝑆̅̅ ̅̅ ̅̅ . Additionally, ∆𝑇𝑆 showed a drop dependency on the varying 𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅ bins, and the 

equation 5.26 was shown as the following. According to the fact that the DTS grow with increasing 

𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅, the downward trend line in Figure 5.35 might be caused by the unchanged 𝑇𝑆𝑉𝑡̅̅ ̅̅ ̅̅ ̅ or slower 

growth of 𝑇𝑆𝑉𝑡̅̅ ̅̅ ̅̅ ̅  than that of 𝐷𝑇𝑆̅̅ ̅̅ ̅̅  with increasing 𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅  between 29.0℃ and 38.0℃. It is 

expected that the fluctuating v and Tmrt slowed down the rise of thermal sensations with increasing 

𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅.  

∆TS = −0.153 × 𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅ + 4.176                             (5.26) 

2) Impacts of nPFImrt levels 
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To prove that the deviation of ∆𝑇𝑆 and its variation trend with varying 𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅ were related 

to the fluctuating v and Tmrt, ∆𝑇𝑆 versus 𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅ bins were grouped by nPFImrt and nPFIv levels. 

It should be noted that due to the little data under nPFImrt4 and nPFIv4, the ∆𝑇𝑆 under these two 

levels were discussed under nPFImrt3 and nPFIv3, respectively. Figure 36 shows the variations of 

∆𝑇𝑆 against 𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅ bins under different nPFImrt levels. Seen from Figure 5.36, the original mean 

value of ∆𝑇𝑆 regarding to one 𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅ bin was divided into different mean values of ∆𝑇𝑆 by 

nPFImrt levels. By conducting linear regression analysis between these mean values and 𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅ 

bins under each nPFImrt levels, the declining trends of ∆𝑇𝑆 for nPFImrt2 and nPFImrt3&4 were found 

significantly larger than that for nPFImrt1. The equations of three regressed lines were described as 

the following. Therefore, stronger fluctuation of Tmrt made 𝑇𝑆𝑉𝑡̅̅ ̅̅ ̅̅ ̅ less sensitive to the increasing 

𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅ between 32.0℃ and 38.0℃. However, under the same𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅ bin within the overlapped 

𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅ range from 32.0℃ and 36.0℃, 𝑇𝑆𝑉𝑡̅̅ ̅̅ ̅̅ ̅ seemed somewhat bigger under higher nPFImrt level 

than under lower nPFImrt level, according to ∆𝑇𝑆.   
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Figure 5. 36 The ∆𝑇𝑆 against 𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅ bins, grouped by nPFImrt levels 

∆TS(n𝑃𝐹𝐼𝑚𝑟𝑡1) = −0.113 × 𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅ + 2.916(𝑅2 = 0.54)(29.0℃ ≤ UTCI ≤ 36.0℃) (5.27)     

∆TS(n𝑃𝐹𝐼𝑚𝑟𝑡2) = −0.310 × 𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅ + 9.677(𝑅2 = 0.96)(32.0℃ ≤ UTCI ≤ 36.0℃) (5.28)               

∆TS(n𝑃𝐹𝐼𝑚𝑟𝑡3&4) = −0.352 × 𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅ + 11.48(𝑅2 = 0.51)(35.0℃ ≤ UTCI ≤ 38.0℃) (5.29) 

3) Impacts of nPFIv levels 

Figure 5.37 shows the variations of ∆𝑇𝑆 against UTCI bins under different nPFIv levels. The 

original mean value of ∆𝑇𝑆 regarding to a 𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅ bin in Figure 5.37 was divided into different 

mean values by nPFIv levels. By conducting the linear regression analysis for ∆𝑇𝑆 and 𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅ 

under different nPFIv levels, ∆𝑇𝑆 values for nPFIv2 and nPFIv3&4 were found lower than those 

for nPFIv1, whereas the declining trends of ∆𝑇𝑆 with increasing 𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅ were not significantly 

influenced by different nPFIv levels. The equations of the regressed lines were described as the 

following, which are applicable under 𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅  range from 29.0℃ to 38.0℃. The result 

demonstrated that the stronger fluctuating v might significantly lower the 𝑇𝑆𝑉𝑡̅̅ ̅̅ ̅̅ ̅ by about 0.6 

rather than change their sensitivity to the varying 𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅.  
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Figure 5. 37 The ∆𝑇𝑆 against UTCI bins, grouped by nPFIv levels 

∆TS(n𝑃𝐹𝐼𝑣1) = −0.130 × 𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅ + 3.728(𝑅2 = 0.79)             (5.30) 

∆TS(n𝑃𝐹𝐼𝑣2) = −0.114 × 𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅ + 2.825(𝑅2 = 0.55)              (5.31) 

∆TS(n𝑃𝐹𝐼𝑣3&4) = −0.146 × 𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅ + 3.742(𝑅2 = 0.72)            (5.32)  

Illustrated from Figure 5.36 and 5.37, it is anticipated that impacts of fluctuating v and Tmrt 

become more notable with increasing 𝑈𝑇𝐶𝐼̅̅ ̅̅ ̅̅ ̅; or in another word, fluctuating v and Tmrt leaded to a 

drop in the sensitivity of 𝑇𝑆𝑉𝑡̅̅ ̅̅ ̅̅ ̅ with increasing heat stress indicated by UTCI. The cooling effects 

of fluctuating v and Tmrt can be somewhat quantified by a drop in ∆𝑇𝑆, and the largest reduction 

in ∆𝑇𝑆 by about 2.0 could be achieved. Under the UTCI range between 29.0℃ and 38.0℃, based 

on the relationship between DTS and UTCI presented in Chapter 1, the impacts of ∆𝑇𝑆 of 2.0 

equal to the impacts of reducing UTCI by about 10.0℃, with a reduction in the heat stress by a 

level from strong heat stress to moderate heat stress. According to equations 5.27 to 5.32, a 10-
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minutes interval transient thermal sensation (𝑇𝑆𝑉𝑡̅̅ ̅̅ ̅̅ ̅) in an outdoor dynamic thermal environments 

could be predicted with UTCI values and fluctuation of v and Tmrt in this place.  

5.12.3 Physiological thermal load and psychological thermal stress 

The comparison between heat stress reflected by psychological responses (thermal load, TL) 

and that reflected by physiological responses (TSVt) was conducted. Thermal load was determined 

under each walking state using the heat balance equation (5.5). To facilitate the comparison, TL 

and 𝑇𝑆𝑉𝑡̅̅ ̅̅ ̅̅ ̅ values were normalized. The range of TL was from 10W/m2 to 119W/m2, and that of 

transient 𝑇𝑆𝑉𝑡̅̅ ̅̅ ̅̅ ̅ was from -1.6 to 3.0. Based on the heat balance theory, it is assumed that the larger 

the value of TL, the more heat stress subjects were facing.  

The TL and 𝑇𝑆𝑉𝑡̅̅ ̅̅ ̅̅ ̅ were assumed to grow in proportion to each other (-1.6 corresponding to 

10W/m2 and 3.0 corresponding to 119W/m2), and their normalized values showed the heat stress 

in relation to their individual ranges. The difference between normalized 𝑇𝑆𝑉𝑡̅̅ ̅̅ ̅̅ ̅ and normalized 

𝑇𝐿̅̅̅̅  (∆HS) for each walking state was calculated and these values were discussed under nPFImst* 

levels and sweating rate ranges, respectively. Figure 5.38 shows the distributions of normalized 

𝑇𝑆𝑉𝑡̅̅ ̅̅ ̅̅ ̅, normalized 𝑇𝐿̅̅̅̅  and ∆HS against nPFImst* levels. ∆HS>0 indicates the larger heat stress 

reflected by physiological thermal responses and ∆HS<0 indicates the larger heat stress reflected 

by psychological thermal responses.  
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a)                                  b) 

Figure 5. 38 Distribution of a) ∆𝐻𝑆  and b) normalized 𝑇𝑆𝑉𝑡̅̅ ̅̅ ̅̅ ̅  and normalized 𝑇𝐿̅̅̅̅  against 

nPFImst* levels. 
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a)                                   b) 

Figure 5. 39 Distribution of a) ∆𝐻𝑆  and b) normalized 𝑇𝑆𝑉𝑡̅̅ ̅̅ ̅̅ ̅  and normalized 𝑇𝐿̅̅̅̅  against 

sweating rate ranges msw. 
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Figure 5.38a shows the distribution of ∆HS grouped by nPFImst* levels. It can be seen that 

the ∆HS value was not always equaling to 0, indicating a not matched heat stresses evaluated by 

thermal load and TSVt. The box in the figure shows 50% of ∆HS values and the black spot indicates 

the mean value of ∆HS for each nPFImst* level. It can be seen that the mean value of ∆HS rises 

with increasing nPFImst* level and minds feel hotter than the bodies. Illustrated from the Figure 

5.38b, the result in Figure 5.38a was caused by increased 𝑛𝑇𝑆𝑉𝑡̅̅ ̅̅ ̅̅ ̅ and decreased 𝑛𝑇𝐿̅̅̅̅  with rising 

fluctuating MST. Therefore, increased fluctuating MST contributes to the increased heat loss and 

decreased thermal load.  

Figure 5.39a shows the distribution of ∆HS grouped by five sweating rate ranges. It can be 

observed that except the condition with msw3, the mean values of ∆HS were larger than 0, indicating 

that both small and large sweating rate might make subjective thermal sensation feel hotter than 

the body itself. Illustrated from Figure 5.39b, the result is attributed to, on the one hand, hot-biased 

subjective thermal sensation but low-biased thermal load when the sweating rate is small. On the 

other hand, when the sweating rate was large, even though the thermal load was reduced due to 

increased evaporative heat loss, the unevaporated sweat cumulated on the skin and formed as a 

“water coat”, which added the insulation over the skin surface, hindering the further evaporative 

heat loss and making people feel hotter. Besides, the cumulated sweat on the skin make people 

feel sticky, increasing the uncomfortable feelings that may be misunderstood as hotter feelings. 

Therefore, based on the results in Figure 5.39, sweating rate could result in the difference in heat 

stress felt by mind and felt by body. It should be noted that in Figure 5.38 and Figure 5.39, the 

most of ∆HS mean values were larger than 0 under different conditions, demonstrating that the 

minds felt hotter than bodies for the majority of people on hot summer days. The phenomenon 
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may inspire the cooling strategies in the psychological perspective rather than physiological 

perspective in hot summer days.  

5.13 Summary 

This chapter proposed a novel framework of assessing dynamic outdoor thermal comfort of 

pedestrians walking in urban continuums with fluctuating wind and solar radiations. During the 

experiments, the head part of the body including forehead, face and neck, as well as the feet part, 

had significantly higher skin temperatures than other parts. Male subjects had higher mean skin 

temperature and larger sweating rate than female subjects, whereas their thermal sensations were 

smaller than female subjects’. Experiment sites, walking or rest states, gender, and heat stress 

determined by UTCI influence subjective and physiological responses to certain extents.  

Except the gender impacts, fluctuating wind speed, fluctuating mean radiant temperature and 

fluctuating skin temperature under dynamic thermal environments were thought as the theoretical 

factors to cause varied thermal responses in the study. The perceptible fluctuation index (PFI) is 

defined in this chapter and applied for evaluating the dynamic outdoor thermal environment. It 

was found that fluctuating environments were stronger on campus than in the community. 

Due to the overlooking of impacts of fluctuating v and Tmrt by UTCI, the correlation between 

UTCI and TSVt was weak in this study, and UTCI showed limitations to reflect actual heat stress 

evaluated by TSVt during experiments. However, UTCI is found effectively presenting the 

variation of MST during experiments. Relatively high nPFIv levels played a significant cooling 

effect on people, making TSVt significantly decreased. Moreover, nPFImrt levels influence the 

impacts of nPFIv on TSVt and the cooling impacts of fluctuating Tmrt will appear when nPFImrt level 

was larger than 2.  
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The fluctuating MST of subjects is highly related to the fluctuating v and Tmrt. Accordingly, 

the integrated fluctuation of v and Tmrt can be presented by a predicted nPFLmst* which was derived 

based on the relationship among nPFLmrt, nPFLv, nPFLmst and Ta. The needs of subjects for 

improving the present meteorological variables were significantly influenced by nPFLmst*. A large 

nPFLmst* can aid in a reduction in needs for cooling and strong wind, as well as an increase of 

thermal acceptance, whose effects were larger under higher air temperature.  

The pleasant or annoyed feelings responding to stimulus from fluctuating v and Tmrt are not 

always possible, their possibilities are influenced by sweating rate of subjects and fluctuating MST. 

For the same sweating rate, there is a parabola tendency of pleasant feeling possibility against 

nPFImst* bins. Nevertheless, less than 50% of subjects were annoyed by perceived changes in v 

and Tmrt. 

Under thermal conditions with v≥1.0 m/s, the threshold of Tmrt that would irritate the 

pedestrian varied between 38.42℃ and 47.18℃ under different nPFLmrt levels. A larger 

fluctuation of Tmrt and a higher wind speed could help people to accept a higher Tmrt without 

annoyed feelings. However, the pleasant wind speed was found larger than 2.0 m/s and not 

influenced by nPFLv under Tmrt≥35.0 ℃. When Tmrt was lower than 35.0 ℃, any wind speed larger 

than 0 might make pedestrians happy.  

On summer days with Ta larger than 28.0℃, a sequential reduction in MST by -0.22℃ has a 

great possibility of eliciting pleasant feelings, whereas a sequential rise in MST by 0.5℃ has a 

great possibility of triggering annoyed feelings. Besides, wind speed fluctuating within the range 

from 1.0-1.3 m/s ± 0.3-0.4 m/s, and Tmrt fluctuating within the range from 33.3±2.0℃ to 37.0±2.5℃ 

under nPFIv1, from 34.5±2.0℃ to 37.7±3.0℃ under nPFIv2, and from 35.7±3.5℃ to 40.5±5.5℃ 
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under nPFIv3, could make up the acceptable thermal environments on hot summer days. A larger 

wind fluctuation could allow for a wider variation of Tmrt for making up an acceptable environment.    

The impacts of increasing fluctuating v and Tmrt from nPFLmst* bin of 0.0 to nPFLmst* bin of 

0.3&0.4 are equivalent to reducing air temperature by about 1.5 ℃ on summer days with air 

temperature lower than 34.0℃. The prediction of TSVt could be achieved and improved by taking 

into account nPFImrt and nPFIv in addition to UTCI and DTS. DTS has overestimated the thermal 

sensation under dynamic settings, and the greater the UTCI, the more significant the cooling effects 

of fluctuating v and Tmrt are. In this study, under most conditions, it seems that the mind (TSVt) 

felt hotter than the body (thermal load, TL) for the majority of the subjects due to the additional 

insulation of sweat on the skin and other possible psychological factors. It is expected that cooling 

strategies in the psychological perspective could be more helpful in addition to those in the only 

physiological perspective on hot summer days.  
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Chapter 6 Conclusion and future study 

6.1 Summary of main work 

This thesis studied the outdoor thermal comfort in relation to wind and radiant conditions at 

the neighborhood and urban continuum scales using the method of onsite monitoring and surveys. 

The aim is to emphasize the significance of sun and wind conditions, particularly their magnitudes 

and fluctuation characteristics, in influencing the pedestrian thermal comfort and demands. Thus, 

for researchers and urban designers’ reference, this study explored the optimized combinations of 

sun and wind environments for thermal comfort, particularly on hot summer days. Furtherly, this 

study updated the present framework of evaluating outdoor thermal comfort with temperature 

indices by reconsidering impacts of sun and wind environments on thermal responses, and propose 

effective cooling strategies by regulating the variation of sun and wind environments. As the 

results, the main contributions are summarized as follows: 

(1) The thermal perceptions of users close to steady state in an outdoor place can be influenced 

by their desirability of sun and wind conditions. Subjects desiring more sun or less wind felt 

significantly cooler than subjects desiring less sun or more wind at the same UTCI value. The 

prediction of TSV by UTCI can be improved by additionally taking into account the effects of sun 

and wind desirabilities.  

(2) Acceptable UTCI ranges of 16.5–35.0℃ and 18.5–32.5℃ are determined by acceptable 

sun conditions and wind conditions, respectively. Wind conditions are predominant in influencing 

subjects’ thermal perceptions at UTCI of less than 26.0℃, while sun conditions are predominant 
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at UTCI of greater than 26.0℃. Subjects always show less acceptance of wind conditions than sun 

conditions. 

(3) The influences of v and Tmrt on subjective thermal sensations at higher Ta are more 

significant than those estimated by UTCI. Tmrt, sun and wind desirability, and v are the top three 

factors influencing the thermal sensation under air temperature range of 12.0≤Ta≤36.0℃ in Hong 

Kong.  

(4) The proposed combined sun and wind condition index (SWI) is an implemental index to 

predict thermal comfort and thermal sensation which are mainly affected by Tmrt and v. Thermally 

comfortable combinations of sun and wind conditions where more than 50% of subjects vote 

comfortable are found at the SWI range of -0.1-0.2.  

(5) Under SWI out of comfortable range, subjects exhibit less tolerance to the heating effects 

of solar radiation. A derived v-Tmrt diagram can provide a detailed combination of Tmrt and v for 

comfort under a wide air temperature range. 

(6) During outdoor activities, the frequency of spatiotemporal step changes between sunlight 

and shade within 45 minutes can induce the “Alliesthesia” effects and influence thermal 

satisfaction. Increased thermal satisfaction and decreased needs of cooler shade can be achieved 

by enabling a more frequent step changes in microclimate environments or increasing the 

opportunity of cool-biased (shade) exposures.  

(7) PTSV derived from UTCI under nearly steady state and DTS are insufficient to correctly 

evaluate thermal sensations under frequent step changes. The equivalent UTCI* derived from 

UTCI, SWI, frequency of step changes, and the relationship between UTCI and PTSV under nearly 

steady state, improves the prediction of the mixed effects of sun and wind conditions on thermal 
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comfort on hot days, and accounts for the cooling effects of frequent microclimatic step changes 

in the psychological respective.  

(8) Evaluation of dynamic thermal comfort by quantifying dynamic thermal environments as 

frequent step changes in microclimate settings and examining impacts of these step changes is 

feasible and can be extended in the future studies.  

(9) Walking in the urban continuum can encounter fluctuating wind (v) and solar radiations 

(Tmrt) formed by various building morphologies. These fluctuating v and Tmrt can be described by 

perceptible fluctuating index (PFI) considering both standard deviation and change rate of v and 

Tmrt.  

(10) During walking in the urban continuums, the head part of the body including forehead, 

face and neck, as well as the feet part, have larger skin temperatures than other parts. Male subjects 

have higher mean skin temperature and larger sweating rate than female subjects, whereas their 

thermal sensations were smaller than female subjects’. 

(11) Fluctuating v and Tmrt have critical but contrary impacts on transient thermal sensations 

and thermal pleasure, which cannot be reflected by present thermal indices such as UTCI. These 

fluctuations significantly influence the fluctuating MST, and can be integrated through fluctuating 

MST.  

(12) Subjects’ needs for lowering air temperature and increasing wind speed decrease with 

the increasing level of mixed fluctuating v and Tmrt, indicating the potential cooling effects of 

appropriate fluctuating MST. An effective mixed fluctuating v and Tmrt can generate cooling effects 

equaling to those achieved by lowering Ta by 1.5℃ when the Ta is lower than 34.0℃.  
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(13) The possibilities of pleasant and annoyed feelings responding to fluctuating v and Tmrt 

are influenced by sweating rate and fluctuating MST, and less than 50% of subjects are annoyed 

with perceived changes in v and Tmrt. Under the same sweating rate level, the possibility of pleasant 

feelings show a parabola tendency against varying fluctuating MST, and strong fluctuating MST 

can contribute to a larger possibility of pleasant feelings. 

(14) The wind speed that can bring pleasant feelings should be larger than 2.0 m/s under 

Tmrt≥35.0 ℃ and larger than 0 under Tmrt<35.0 ℃. Greater fluctuation of v and Tmrt can help people 

to accept a higher Tmrt approaching 47.0℃. A sequential change in MST between -0.22 ℃ and 0.5℃ 

within less than 2 minutes is acceptable by more than 50% of subjects. 

(15) The prediction of dynamic thermal sensation is proposed by taking into account impacts 

of fluctuating v and Tmrt, or fluctuating MST, in addition to UTCI and DTS, and can be applied for 

guiding design of sun and wind environments for comfort.  

(16) DTS is larger than the surveyed transient thermal sensation under dynamic settings. The 

magnitude of difference between DTS and surveyed transient thermal sensation significantly 

increase with increasing UTCI, owing to the effects of fluctuating v and Tmrt, which make subjects 

less sensitive to changes in heat stress evaluated by UTCI, or UTCI overestimating the thermal 

conditions with fluctuating v and Tmrt. 

(17) Subjective thermal sense and physiological thermal load are not always matched, and in 

most of cases, the heat stress felt by subjective thermal sensations appears to be larger than that 

felt by the physiological thermal load. Subjective thermal sensation is insufficient to reflect the 

actual thermal perceptions especially in dynamic thermal environments where the thermal 
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perceptions are mixed. Nevertheless, it is possible that cooling strategies developed from a 

psychological perspective will play an essential role in hot summer days. 

The results of this whole study may help to generate a comprehensive understanding of the 

detailed sun and wind conditions involved in outdoor thermal comfort and microclimate-friendly 

design strategies. Plenty of metrics proposed in the study that assess outdoor thermal comfort 

provide criteria for optimizing combinations of outdoor sun and wind conditions with regulated 

fluctuations for pleasant thermal experience at the both early design and usage stages. Furthermore, 

a deeper understanding about the effects of sun and wind environments in both steady and dynamic 

states on physio-psychological responses will aid in the development of the existing thermal 

comfort models for accurately predicting the actual outdoor thermal comfort. 

6.2 Future works 

As my supervisor Prof. Niu suggested, take steady steps ahead but never stop, and each step 

completed is the start of the next. Despite the useful findings obtained from this thesis, still many 

aspects of the outdoor thermal comfort evaluation are limited in this thesis. Based on these limits, 

the future research is suggested as the following:  

(1) Perception of sun and wind conditions 

The subjects’ desirability of sun and wind conditions proposed in Chapter 2 was obtained 

from a 15-minute field measurement series. Their adaptation ability over a longer exposure time 

was not clear, thus the 1-h acceptable UTCI range determined by sun acceptability and wind 

acceptability was unknown. Additionally, considering that in reality, space users would modify 
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their behaviors based on their perceptions of sun and wind conditions. Therefore, it is essential to 

understand these behaviors responding to sun and wind conditions in outdoor places.  

(2) Extension of Tmrt-v diagram 

A Tmrt-v diagram indicating the comfortable combination of sun and wind conditions was 

proposed in Chapter 3. However, this diagram is more appropriate to college-age space users who 

conducted activities with low metabolic rate on campus. Therefore, this diagram should be adapted 

to be applicable for wider groups of people and wider activity types. Additionally, in reality, space 

users may engage in activities such as chatting, eating, reading and so on, rather than simply sitting 

there doing nothing, which is supposed to affect the attentions on the thermal comfort. In view of 

this, it is speculated that attention is a key factor determining the comfortable range of thermal 

environments, which is worthwhile studied in the future.  

(3) Update of equivalent UTCI* 

A dynamic metric of equivalent UTCI* was proposed in Chapter 4, taking into account the 

impacts of sun and wind conditions, as well as the psychological effects of step changes in 

microclimate environments. However, due to the limited data obtained in the study, the 

applicability of equivalent UTCI* should be verified further under diverse microclimate conditions. 

Furthermore, the law of psychological effects, or “alliesthesia” effects, produced in frequent 

exposures to step changes should be updated based on more data. This law is anticipated to be 

added in the thermal comfort models to predict transient thermal responses from physio-

psychological perspective. 

(4) Effective measurement of physiological responses during movement 
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Despite the bold attempt to measure skin temperature and sweating rate during walking, 

relatively low overall skin temperature and relatively high overall sweating rate were observed. 

Therefore, more advanced mobile measurement should be adopted in the future study. Moreover, 

the study in Chapter 5 primarily focused on the impacts of fluctuating wind and solar radiation in 

the urban continuum at air temperature ranging from 28.0 ℃ to 33.0℃, and it is uncertain what 

these impacts could be at other air temperatures. 

(5) Improvement of thermal comfort models 

According to the results in this thesis, existing temperature indices had limitations in 

evaluating the impacts of outdoor sun and wind conditions (magnitudes and fluctuations) on 

thermal responses. In view of this, in the future study, the thermo-regulation responses of existing 

models to sun and wind conditions, as well as the heat transfer mechanism within the body and at 

the body’s boundary, should be updated. Besides, the index of SWI and integrated perceived 

fluctuation of wind and sun (PFI) could be combined to update the optimal combinations of sun 

and wind environments for thermal comfort.  

(6) Application of microclimate-friendly designs  

It is a pity that the proposed metrics in this study have not been adopted for guiding a case of 

microclimate-friendly urban design. However, the proposed metrics are prepared for being applied 

in guiding the urban design in the future by optimally combining and adjusting the outdoor sun 

and wind conditions through building morphologies and positions. It can be imaging that one day 

the outdoor microclimate environments can be automatically controlled based on user’s needs by 

adjusting the building designs. 
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Appendix 

Three Kipp & Zonen CNR4 net radiometers and black globe thermometers were set 

simultaneously to evaluate Tmrt (Fig. A1). Tmrt calculated from the black globe thermometer was 

calibrated with the Tmrt calculated through 6-direction short-wave and long-wave radiation 

measured by net radiometers. Eq. (A1) was applied for calculating Tmrt through 6-direction 

radiation. A linear regression was conducted to correct the Tmrt values calculated by the black globe 

method after measurements (Fig. A2). 

 

Fig. A1 Simultaneous evaluation of 15 min Tmrt with black globe thermometer method and 6-

direction radiation measurement method. 

 

𝑇𝑚𝑟𝑡 = (
∑𝐹𝑖×(𝛼𝑠𝑄𝑠+𝛼𝑙𝑄𝑙

𝛼𝑠𝜎
)
1/4

− 273.5                                   (A1) 
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In Eq. (A1) 𝜎 is Stefan-Boltzmann constant and equals to 5.67 ·10-8(W/M2K4). 𝛼𝑠  and 𝛼𝑙 

which can be respectively assumed as 0.7 and 0.97 represent the absorption coefficients of human 

for short-wave and long-wave radiation in normal dressing. 𝐹𝑖  presents the angular factor 

between human and the ambient environment. For a normal standing person, 𝐹𝑖 = 0.06 for upper 

and lower vertical directions, and 𝐹𝑖=0.22 for the four horizontal directions.  
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Fig. A2 Relationship between Tmrt(Tg) and Tmrt(6-direction). The Tmrt(Tg) was calculated by the black 

globe thermometer method, whereas Tmrt(6-direction) was calculated by the 6-direction radiation 

measurement methods. 

Tmrt calculated from the black globe thermometers was thus calculated using Eq. (A2). This 

equation obtained from linear regression analysis between the two measurement methods (black 

globe thermometers and 6-direction radiation measurements).  

𝑇𝑚𝑟𝑡(6−𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛) = 1.1383 × 𝑇𝑚𝑟𝑡(𝑇𝑔) − 3.6986                        (A2) 
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