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Abstract 

Water-based activities are often undertaken in cool water (15 °C – 35 °C), and can 

therefore result in thermal discomfort, which will affect the overall experience. In 

contrast with thermal comfort (TC) in air, very little research has been undertaken 

investigating TC in water. The studies presented in this thesis were designed to 

better understand the determinants of TC during and following immersion in cool 

water, at rest and during light physical activity.  

It was expected that during experiments where deep body temperature is stable 

(as may be seen in leisure-type scenarios), skin temperatures (Tsk) would primarily 

determine TC. On the basis of the review of the relevant literature we 

hypothesised that thermal discomfort during immersion in cooling water would 

occur due to cooling of the extremities and the chest (HY1). It was also 

hypothesised that protecting the head would help maintain TC during immersion in 

cooling water (HY2). It was hypothesised that exercising could improve TC (HY3). It 

was hypothesised that following immersion and when experiencing evaporative 

cooling, once the greatest discomfort was reported, TC would only improve when 

Tsk increased (HY4) and that discomfort would be less intense when Tsk cools more 

slowly (HY5). Finally, it was hypothesised that TC would be relatively independent 

of absolute mean Tsk (HY6). 

In the first study, volunteers completed four resting head-out immersions, each in 

four water-sports clothing ensembles: i. Swim briefs; ii. Short wetsuit with gloves 

and boots; iii. Long wetsuit and iv. Long wetsuit with gloves and boots. They were 

initially immersed in a comfortable water temperature of 34.5 °C, this was then 

decreased to 19.5 °C, over 20 minutes. During this water cooling phase, 

volunteers reported when they no longer felt comfortable, and which part of their 

body this was due to. The water was then maintained at 19.5 °C for 45 minutes to 

further investigate thermal responses. To explore human perceptual responses in 

another common water-based scenario, a second study was conducted. The same 

methodology was applied, but during arm and leg light exercise. Also, a long 

wetsuit with gloves, boots and a hood constituted the fifth clothing condition. The 

third study was designed to measure Tsk of volunteers resting in thermoneutral air 

environments to provide a “reference” Tsk distribution to help interpret the findings 
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from the first two studies. In the fourth study, the impact of evaporative cooling on 

TC following immersion was explored. In this study, after a period of activity in 

water at 28 °C, volunteers wearing two different types of garments (according to 

their drying properties) were exposed to various wind speeds in 24 °C air, at rest 

or when exercising. Rectal and skin temperatures, and overall TC were assessed 

during all of the experiments. 

When people reported no longer being comfortable in cooling water, mean skin 

temperature (T�sk) was around 32 °C in all clothing conditions. At that point, the 

lower back and the chest were the regions most often reported responsible for the 

loss of overall TC in cooling water, partially confirming the first hypothesis (HY1). In 

contrast, the extremities were only rarely reported. However, their influence 

became important during resting immersions in cold water. The mean (SD) 

comfort vote after prolonged immersion at rest in 19.5 °C water in the Long wetsuit 

condition (1.62 [1.38]) was significantly lower than that in the Long wetsuit + 

gloves + boots condition (2.28 [1.71]), P = 0.038. When exercising in cold water, 

protecting the extremities seemed less important than at rest, as no significant 

difference was observed in the overall thermal comfort whether hands and feet 

were protected or not. This may have been due to factors such as distraction, 

hormonal mechanisms, or partial suppression of the afferent thermal information 

by neural input from mechanoreceptors. Likewise, although the skin on the head 

did not seem to influence the loss of TC in cooling water during exercise, in colder 

conditions (below 20 °C), thermal discomfort was reduced when the head was 

protected; mean (SD) overall TC was significantly greater in the Long wetsuit + 

gloves + boots + hood (4.75 [1.49]) than in the same condition without a hood 

(2.75 [1.49]), P = 0.043 (n = 8). 

In Study Three, it was shown that at the point of loss of TC during immersion, 

mean (SD) Tsk were significantly lower than in thermoneutral air environments, for 

the chest (31.32 [1.65] °C vs. 34.59 [0.35] °C, P = 0.005) and the lower back 

(30.67 [1.59] °C vs. 34.45 [0.26] °C, P = 0.002). In contrast, mean (SD) Tsk on the 

fingers was significantly higher when overall TC was lost in cooling water (30.45 

[1.71] °C) than in comfortable thermoneutral air conditions (27.31 [1.32] °C), P = 

0.037. Similarly, the mean (SD) Tsk on the toes was significantly higher when TC 
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was lost in water (30.35 [1.40] °C) compared to that in thermoneutral air (25.45 

[1.82] °C), P = 0.004. 

In Study Four, during the immersion phase, when compared to the resting period, 

the swimming period was associated with higher TC scores in all conditions 

despite similar thermal profiles (P < 0.05, n = 9). The hypothesis that exercise 

would improve TC was accepted (HY3). Following immersion, in approximately 70 

% of the tests (45 of 65), once the greatest discomfort was experienced, TC 

improved although T�sk was still cooling. Thus, the hypothesis (HY4) was not 

accepted. However, in 37 of these 46 tests, the Tsk cooling rate was slower than 

when the greatest discomfort was reported, so in the situation of the experiment, 

we accepted the hypothesis (HY5). When TC was eventually re-established, mean 

Tsk was lower than that at the point of greatest discomfort in more than 72 % of the 

tests (39 of 54 tests). In addition, at the end of the experiment, TC had returned to 

pre-immersion values despite lower T�sk. Therefore, the hypothesis that TC would 

be relatively independent of absolute T�sk was accepted (HY6). It seemed that mean 

body temperature was not sufficient to explain this phenomenon, as it was lower at 

the end of the post-immersion period than at the beginning of the pre-immersion 

period.  

The thermal responses of people entering the water as well as during and 

following immersion, at rest and when exercising have been investigated. During 

such activities, the chest and the lower back can be the major determinants of the 

loss of overall TC. In contrast, hands and feet are unlikely to be the primary 

determinants of TC during water-based activities in cool water; unlike the chest 

and the lower back, they are “naturally” acclimatized to colder temperatures than 

other regions of the body. Tsk distribution in thermoneutral air environments may 

provide the basis for understanding the variation in perceptual responses to 

thermal stimuli across the body. Following a water-based activity, it is important to 

reduce the initial fast cooling rate in Tsk (due to evaporation) as soon as possible 

to allow adaptation of cold thermoreceptors. Finally, in most leisure scenarios, 

even light physical activity in the cool water helps maintain TC in the short term; 

this positive effect could be due to a variety of thermal or non-thermal factors. 
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Chapter 1 

 

Introduction 

Water-based activities, which include active sports such as surfing and swimming, 

and less intense activities such as snorkelling, are often undertaken in water 

temperatures ranging from 10 °C to 25 °C in Europe, depending on the season 

and the location (Météo France Data). However, as water has a great thermal 

conductivity and a high specific heat capacity, it represents a hostile environment 

for humans even in the warmer European climates; immersion in water exposes 

the whole body surface area to the fluid and unprotected skin is rapidly cooled to 

approximately the same temperature as the water. 

In contrast with thermal sensation which refers to an objective experience, 

describing the physical characteristics of the stimulus, thermal comfort is an 

emotional and affective experience, which depends on an individual’s history and 

expectation (Leblanc et al., 2003); it is generally defined as the condition of mind 

expressing satisfaction with the environmental conditions (ASHRAE, 1966). In 

practice, thermal comfort refers to the subjective indifference to this environment, 

and can therefore be characterised by the absence of thermal discomfort. 

However, without protection, at rest, thermal comfort is only achieved in water 

temperature around 35 °C water (Craig and Dvorak, 1966), although less if 

exercising (around 28 °C). 

Hence, outside a few places in the world where water temperature is above 30 °C, 

it seems inevitable that a non-protected individual will experience thermal 

discomfort when participating in a water-based activity. 

Thermal comfort has been a field of interest for a long time, and research activity 

on the topic has increased significantly over the last 40 or 50 years. The main 

purpose has been to try to find the combination of parameters defining the 

conditions that would allow most people to remain comfortable (Fanger, 1970). 

The outcome of such research has helped improve overall thermal comfort in 

working places, buildings, cars, etcP. In comparison with the understanding of 

thermal comfort in the air, relatively little is known about such comfort in water. 
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This may have been due to the fact that most of the research has been conducted 

outside the frame of leisure-type scenarios, legitimately focusing on the safety 

aspects of cold and very cold water immersions (Keatinge, 1961; Rennie et al., 

1962; Golden and Tipton, 1987). In emergency situations, it is obvious that thermal 

comfort will not be the priority, but in the less stressful environments of water-

sports, maintaining thermal comfort will become critical as it will affect both 

behaviour and pleasure responses (Chatonnet and Cabanac, 1965). Ultimately, 

this will determine somebody’s motivation to continue the activity, their will to 

return to it after a break, and finally, their overall personal experience of it. 

Today, wetsuits are the main answer to thermal comfort issues during water-based 

activities, but they have barely improved since the first neoprene wetsuit in the 

early 1950s. The way a wetsuit is designed is based on the assumption that when 

water is cold, the whole body area should be covered with a uniform fabric 

thickness for insulation. This doesn’t take into account, for instance, the possibility 

that some regions require more insulation than others. 

It has been shown that in cool air environments (when lightly clothed), overall 

thermal comfort is mostly influenced by the extremities, as they are the coldest 

regions of the body (Zhang, 2003). In cold water, a similar conclusion was drawn 

when adding extra insulation to the immersion suits around the extremities helped 

improve thermal sensation and comfort (Reinertsen, 2000). Hence, in a water-

based activity, it was suspected that hands and feet would be an important source 

of discomfort, with the colder the water the greater the impact. In addition, the 

torso has been suggested to be relatively cold sensitive (Keatinge and Nadel, 

1965; Burke and Mekjavić, 1991; Ouzzahra et al., 2012). Furthermore, Nakamura 

et al. (2008) noticed that in cool air environments, cooling the chest decreased 

overall thermal comfort. It was thus possible that during a whole body stimulation 

in cool water, the chest would significantly affect overall thermal comfort. Finally, 

the forehead has been shown to be relatively more sensitive to cold than other 

areas (Crawshaw et al., 1975). It seemed reasonable to propose that protecting 

the head during water sports would help maintain thermal comfort. 

Despite research on the role of some body parts for cold sensitivity and/or overall 

thermal comfort in air, the reasons behind the variation between body regions 
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remain unclear and their expected influence during water-based activities might be 

different. As mentioned above, most of the investigations have been undertaken in 

air, which involves, in cool and cold conditions, a non-uniform skin temperature 

distribution across the body (Zhang, 2003; Huizenga et al., 2004). As a 

consequence, when the whole body is exposed, different regions will be the 

source of different cold input, and may, for that reason, have dissimilar influences 

on overall thermal comfort. Likewise, when a cold stimulus is applied to one single 

region in air, the impact of that body site on thermal comfort will inevitably depend 

upon its initial skin temperature, which will be different from that of another site. 

Indeed, given the nature of cutaneous thermoreceptors (Iggo, 1969; Kenshalo and 

Duclaux, 1977; Hensel, 1981), it is likely that the influence of each body region on 

overall thermal comfort will be driven by the local skin temperature in “natural” 

thermal comfort air conditions. This skin temperature distribution might be seen as 

an individual’s “reference” for overall thermal comfort. 

Finally, very little work has been undertaken on thermal comfort in the highly 

dynamic situations following immersion in cool water, such as when exposure to 

wind results in reductions in skin temperature due to the evaporation of water from 

the skin or any garment worn. In most studies conducted in wet, cold and windy 

environments, only intense discomfort was experienced due to the adverse 

outdoor conditions being simulated (Thompson and Hayward, 1996; Yamane et 

al., 2010). Therefore, whole body thermal comfort responses of people being wet, 

post-immersion, and resting in a cool environment, as commonly observed in 

recreational water-based activities, remain unexplored. 

Research is required to better understand the role of the different body regions for 

thermal comfort in cool water, and how various patterns of absolute and changes 

of skin temperature affect the overall thermal perception of the environment. This 

may eventually inform water-clothing design. 

General research questions and hypotheses 

The research questions included consideration of the interest of the funding 

company in designing innovative water-sports clothing. The primary aim of this 

work was to improve a general understanding of the factors that influence thermal 

comfort during outdoor water-sports, which usually take place in cool or cold 
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water. The thermal responses of people entering the water as well as during and 

following immersion, at rest and when exercising, have been examined. Particular 

attention was paid to perceptual responses to identify the determinants of thermal 

comfort in these situations. It was hypothesised that the moment when people no 

longer feel comfortable during immersion in cool water will be due to cooling of the 

hands, feet, and the chest. Following immersion, it was hypothesised that thermal 

discomfort is associated with cooling skin temperature but that it is less intense 

when skin temperature cools more slowly. In such conditions, it was further 

hypothesised that thermal comfort would only improve when skin temperature 

increased, although it would be independent of the absolute value of skin 

temperature. 

In this thesis, “cold water” is defined as water at a temperature below 20 °C, 

“thermoneutral water” as water at a temperature of 35 °C and “cooling water”/”cool 

water” as water at a cooling temperature between 35 °C and 20 °C. 

Overview of the thesis 

The next chapter proposes an overview of the research conducted on human 

thermal responses to cool and cold environments, with a special emphasis on the 

perceptual aspects. As much as possible, the literature review focuses on the 

aquatic environment. Chapter Three provides a description of the general methods 

and techniques used for all experiments presented in this thesis. Chapters Four, 

Five, Six and Seven present the studies conducted to test the experimental 

hypotheses; a brief overview of what has been done in each of them is presented 

below.  

Study One (Chapter Four). The primary aim was to explore the relative importance 

of different body regions for thermal comfort during resting immersion. Volunteers 

were immersed at rest and up to the neck in a comfortable water temperature of 

34.5 °C which was then cooled to just below 20 °C, over 20 minutes. Throughout 

this thesis, this period is referred to as the “cooling phase”, where water 

temperature was always above 20 °C. During this cooling phase volunteers 

reported when they no longer felt comfortable, and which part of their body was 

responsible. The water temperature was then maintained just below 20 °C for 

further investigation of perceptual and thermal responses. This is referred to as the 
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“stable phase” of the experiment during which volunteers were considered to be in 

“cold” water (<20 °C). 

Study Two (Chapter Five). The second study was conducted to determine the 

influence of exercise on thermal comfort in water. The conditions and procedures 

of the experiment were similar to those of Study One, but light physical activity 

was undertaken during immersion, and when the head (but not the face) was 

exposed to the water. Although some discrepancies were found with the results of 

Study One, the major conclusions were in good agreement. Based on the first two 

experiments, it was decided to further explore the mechanisms behind the 

influence of particular regions on overall thermal comfort; this was done in Study 

Three. 

Study Three (Chapter Six). This study was conducted to identify the skin 

temperature distributions of volunteers in thermoneutral air environments, and 

compare them to those measured when the same volunteers lost their thermal 

comfort during the immersion studies. A coherent possible explanation was 

provided for the regional variation in thermal comfort. It is believed the first three 

studies helped further extend the understanding of thermal comfort during 

immersion at rest and in exercise, in cooling and cool water. As a logical step in 

the sequence of events occurring during recreational water-based activities, we 

then examined thermal comfort following immersion in Study Four. 

Study Four (Chapter Seven). The aim of this study was to investigate subjective 

responses of people during a critical phase in water-sports: when getting out of the 

water and facing a wind. To do so, after a period of activity in water, volunteers 

wearing different types of clothing were asked to get out of the immersion facility to 

face winds at different speeds. Following immersion the various experimental 

conditions created different skin temperature profiles, and, ultimately, different 

thermal comfort responses; these were examined. 

Finally, general conclusions and recommendations are presented in Chapter 

Eight. The main assumptions, limitations, and delimitations are presented in 

Chapter Nine, and future experiments are recommended in Chapter Ten. 
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Chapter 2 

 

Review of the literature 

For the most part, the literature presented in this chapter was searched using 

Google Scholar. Appropriate publications were then obtained from various 

electronic databases, but primarily from ScienceDirect (operated by Eselvier). The 

publications were initially selected after evaluation of the abstract to estimate their 

relevance to our topic. The methodology used by the selected peer-reviewed 

papers was verified before any credit was accorded to the conclusions. 

Whenever possible, the review focuses on cool and cold situations, and/or on the 

water environment so as to increase the relevance to the area of study. This 

chapter starts with a general overview of the mechanisms of heat exchange 

between the body and surroundings. The main thermoeffector responses 

necessary to maintain a balance between these heat exchanges are then 

described. A general overview of thermoreception is then presented; notably, the 

structures implicated in the perception of temperature are considered, as well as 

regional variations of thermal sensitivity. In the last part of this review, the criteria 

and conditions required for the establishment of thermal comfort are examined, 

and special attention is given to thermal comfort in particular circumstances, such 

as during and following immersion in cool and cold water, when exposed to wind, 

or when exercising. 

Heat exchange from the body to the environment 

Homeostasis and heat balance. Some animals, like Humans, have the ability to 

regulate their internal temperature within narrow limits despite much larger 

variations in ambient temperatures. This aptitude is called homeothermy and its 

implications in thermoregulation have been recently discussed (Ivanov, 2006). It 

enables us to maintain continuity in the functioning of our cells, by preventing the 

temperature, and therefore the efficiency of biochemical reactions from fluctuating 

under the influence of exterior temperature changes. It is generally agreed that the 

internal temperature of a healthy person should be maintained within limits of +/- 2 

°C around the optimum value of 37 °C. To achieve such fine tuning in spite of an 



 23

ever-changing thermal environment, and highly variable levels of metabolic heat 

production, humans possess a very sophisticated thermoregulation system that 

constantly attempts to achieve heat balance between the body and the 

surroundings. When such a balance is attained, the amount of heat lost to the 

environment equals metabolic heat production, and consequently no heat is 

stored. To describe these exchanges it is convenient to refer to the heat balance 

equation (Equation 1), the terms of which correspond to the different biochemical 

or physical routes of gaining or losing heat. As defined by the Second Law of 

Thermodynamics, thermal energy will flow down a gradient so that in cold 

environments, the relatively warmer body will transfer heat to the surroundings 

through radiation, conduction, convection, and evaporation. 

 

S = M – (±W) – E ± R ± K ± C 

Equation 1: Heat balance equation. S is the stored thermal energy (heat), M 

metabolic rate of energy transformation and W mechanical work. R, K, C and E 

are the radiative, conductive, convective and evaporative heat transfers. All terms 

are expressed in [W.m-2]. 

 

Radiation (R). In cold air environments, at rest, and without wind, radiation is the 

dominant dry heat loss (Parsons, 2003). Radiant energy is transferred in the form 

of electromagnetic waves, at the speed of light, and without the need for particles 

(i.e. can occur in a vacuum). This explains why we receive thermal radiation from 

the sun through the vacuum of space. The rate of transfer, and, ultimately, the 

total amount of heat exchanged is related to temperature and to the surface area 

of the emitting object, as defined by Stefan Boltzmann’s law. Although any surface 

of liquid or solid around us constantly radiates, we are not aware of heat radiation 

at room temperatures as the portion of the electromagnetic spectrum involved 

(from 740 µm to 1 mm) is invisible. However, when the temperature of the emitting 

object increases, the wave-length decreases and the total emission spectrum will 

overlap with the visible range. This is why we can “see” heat from very hot objects 

only. In all other situations, indirect means of observation and measure are 

required, such as infrared cameras which will transform the heat radiation into 

colourful images. Water has a relatively high transparency for visible radiation, but 
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a strong absorption for most of the infrared range. Thus, during immersion, 

radiative heat loss is limited and most thermal energy will be transferred by other 

means (Nadel et al., 1974; Boutelier et al., 1977). 

Conduction (K). Heat can be transferred from objects of different temperatures by 

direct contact between them, flowing from the hottest to the coldest. The amount 

of heat exchanged depends, among other things, on the temperature difference 

between the two objects, and on the surface area involved. At a microscopic level, 

the permanent movement of the particles of matter will result in an average kinetic 

energy. The matter of a warmer object will possess a greater kinetic energy than 

that of the adjacent, colder object. Thus, particles constituting the higher 

temperature matter are more likely to bump into others, and kinetic energy will be 

transmitted. Consequently, the energy is dissipated in the surroundings and the 

object that was initially hot, cools. Heat will be transferred by these collisions until 

both objects have the same temperatures. Body heat is conducted from the deep 

body tissues where it is generated and mixed with the superficial tissues. From the 

surface of the body, since conductive heat loss take place by direct contact, it will 

primarily occur between the skin and the ground, but also with a chair, a bed, etc. 

Therefore, in most situations (unless wearing cold clothes for example) this 

exchange will only concern a limited surface area. In addition, given the good 

insulative properties of air, conduction in air environments will only account for a 

small proportion of the total dry heat loss. In water though, this means of heat loss 

is more important as the thermal conductivity of water (approximately 630 mW.m-

1.K-1) is much greater (approximately 25 times) than that of air. Furthermore, due 

to its greater specific heat capacity, and higher density, water requires more 

thermal energy than air to increase its temperature. As a consequence, more 

energy can be transferred and at a faster rate from the surface of the skin to the 

water molecules immediately adjacent to the skin, before it equilibrates with skin 

temperature and reduces the gradient for heat loss. Finally, during immersion the 

entire surface area of a naked body will be in contact with the medium. 

Considering these facts, it becomes clear that in water heat will be conducted 

away from the body more easily than in air, and the overall thermal stress on 

unprotected humans will be much greater in water than in air at the same 

temperature. The immediate consequence of this is that during immersion the skin 
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will reach temperatures closer to that of the water, regardless of the activity, 

gender or body composition than it would in air (Nadel et al., 1974). 

Convection (C). Heat loss by conduction is usually enhanced by convection 

currents. Just like air, the thin layer of newly-warmed water in contact with the skin 

on immersion will quickly be replaced by a new, colder one. In unstirred and still 

water this replacement will be the consequence of a decrease in the fluid density, 

which will be conveyed away, toward the surface. More commonly, convective 

heat losses in immersion will take place due to the relative movements between 

the body and the media (“forced convection”). These have been shown to be at 

least twice as high in stirred water (460 W.m-2. °C-1) than in static immersion in still 

water (Nadel et al., 1974). It was also observed that convective heat loss is 

maximised when swimming (580 W.m-2. °C-1 at any speed, due to high turbulences 

of the fluid around the body), or when water is moving faster than 0.5 m.s-1. This 

will have been due to the fact that eventually, a point is reached when the 

boundary layer of water is disrupted and any further increase in water current will 

have little additional cooling effect. This has been confirmed by Boutelier et al., 

(1977) who also suggested that, for similar reasons, shivering in cold water could 

increase the convective heat exchange coefficient. Therefore, during water-based 

activities, heat losses by convection become the primary route of heat loss. The 

same phenomenon occurs in an air environment, where body movement and wind 

speed will increase convective heat loss. It is worth noting that the insulation 

provided by the air layer on the surface will be reduced to a minimum at wind 

speeds of 4 m.s-1 (Havenith, 2002). 

Evaporation (E). Thermal energy can be lost from the body by evaporation when 

liquid water on the skin vaporizes. The energy required to overcome the liquid-

phase intermolecular forces to enable liquid water to become vapour will be taken 

from the surroundings. In the case of a human body, this will be the skin and the 

boundary layer of air, both in contact with the evaporating water. Consequently, 

the skin and its immediate environment will cool. Sweating is the mechanism by 

which the body primarily regulates its internal temperature in hot environments 

and/or when deep body temperature is increased. However, in cold environments, 

the evaporative cooling from the skin or the clothing (or respiratory passages) is 
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likely to put additional thermal stress on the body (Thompson and Hayward, 1996; 

Weller et al., 1997; Yamane et al., 2010). The effect will be highly increased in dry, 

windy conditions and is a major concern during most water-based activities. The 

amount of water that can evaporate and, as a consequence, the amount of heat 

exchanged is dependent on the surface area exposed, on the gradient of water 

vapour pressure and on the clothing vapour resistance (Havenith, 1999). 

Thermoregulatory responses 

To try to maintain the body in heat balance, humans primarily adjust their 

behaviour, by modifying the insulation provided by clothing, seeking shade in the 

heat or for warmer places when it is cold, and ultimately adopting adequate 

postures to minimize heat exchange with the surroundings (Parsons, 2003). 

Behavioural thermoregulation is the most efficient way of maintaining heat balance 

in a given environment, but it may also serve to maintain homeostasis without 

having to utilize pronounced physiological means. However, under certain 

conditions (when behavioural effector response is insufficient) humans will utilize 

three major autonomic thermoregulatory responses. These are reviewed in the 

following section. 

The control of cutaneous vascular tone. As mentioned earlier, the human body can 

regulate its internal temperature within narrow limits, despite great variations in 

environmental conditions. The first part of this regulation system consists of the 

subtle control of peripheral blood flow (Savage and Brengelmann, 1996). When 

the environment is considered “thermoneutral”, the modifications of cutaneous 

vascular tone are sufficient to enable thermal balance. Therefore, the 

“thermoneutral zone” can be considered as the range of ambient temperature at 

which thermoregulation is achieved without changes in metabolic heat production 

or evaporative heat loss (Mekjavić et al., 1991). Due to the great dissimilarities in 

their physical characteristics, air and water environments are “thermoneutral” in 

different temperature ranges. In water, the lower end of this range has been 

defined as the “critical water temperature”, and equates to the lowest water 

temperature that it is possible to tolerate for a prolonged-period (3 hours) without 

shivering (Rennie et al., 1962). According to this definition, water temperatures 

ranging from 30 °C to 34 °C have been commonly reported, depending on the 
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level of acclimatisation to cold (Hanna and Kong, 1972; Rennie et al., 1962, and 

Smith and Hanna, 1975). However, deep body temperature did drop in these 

situations, but shivering thermogenesis was not initiated, probably due to 

insufficient afferent peripheral stimulation and the slow rate of fall of deep body 

temperature. Based on other criteria such as mean body temperature notably, 

Craig and Dvorak (1966) proposed a “neutral” water temperature for resting 

humans of about 35 °C. For comparison, critical air temperature (below which the 

rate of metabolic heat production would increase) for a man with a mean skin fold 

thickness approximating 10 mm is about 24 °C (Smith and Hanna, 1975). Although 

the same authors noted that values could reach temperatures as high as 29 °C for 

leaner individuals, this still remains below that seen in water. Within this zone of 

thermoneutrality, whether it is in air or water, there is no need for an increase in 

metabolic heat production thanks to fine adjustments in heat exchange by the 

control of cutaneous vascular tone. The skin area of an adult can be estimated 

from body mass and height (Dubois and Dubois, 1916), and will approximate 1.8 

m2 for the average male. In spite of its size, the nutritional needs of the skin can be 

met with minimal blood circulation. Therefore, the fact that the skin receives as 

much as 400 mL.min-1, at rest in thermoneutral environments, underlines the 

importance of this organ for thermoregulation. 

In thermoneutral environments, there will be a continuous oscillation of increase 

and decrease of heat dissipation. Vasodilatation will enable more blood to flow 

towards the surface of the body, hence facilitating the transfer of heat from the 

core to environment. Conversely, vasoconstriction will increase the insulation of 

the peripheral tissues and reduce the heat loss. This system is under the 

sympathetic control of two types of nerves. The activity of the vasodilator nerves 

will only be stimulated in hyperthermic situations and in some (non-glabrous) 

regions, and the skin blood flow can then reach 6 to 8 L.min-1 (Johnson and 

Proppe, 1996). On the other hand, sympathetic vasoconstrictor nerves 

continuously release noradrenaline which binds to post-synaptic β, α1, and α2 

receptors on cutaneous arterioles, so that vasoconstriction can be considered as 

the natural, tonic state in thermoneutral environments (Pergola et al., 1994). 

Although deep body temperature changes initiate relatively greater vasomotor 

responses (Frank et al., 1999), skin temperature cooling will be the main driver 
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during the cool and cold situations of water-based activities, if internal temperature 

remains stable (Golden and Tipton, 1987). In parallel with the suppression of any 

vasodilator activity, this will rapidly lead to an increase in catecholamine release 

(Johnson et al., 1977). Hence, in addition to the physical effects of cold on 

peripheral arterial resistance, the sympathetic response to low skin temperatures 

will cause the cutaneous blood flow to diminish to values approximating 20 

mL.min-1 (Folkow and Neil, 1971). 

The control of cutaneous vascular tone can respond to local stimulation and varies 

from one body region to another (Hensel, 1981). As a general observation, the 

extremities demonstrate relatively larger variation in their local peripheral blood 

flow than the rest of the body, with a clear distinction between hands and feet 

(Taylor et al., 2009). In addition to the general system of vasomotor control in the 

heat, these areas can rely on the opening of arterio-venous anastomoses, which 

allow blood to flow directly into a venous plexus to enhance heat dissipation. On 

the contrary, the skin of the forehead seems to lack vasoconstriction, and the 

reduction of the blood flow in this area during local cold stimulation might simply 

be due to the direct effects of cold on the vascular system (Hertzman and Roth, 

1942). 

 

Shivering thermogenesis. As cold stress increases, the primary cold-effector 

response described above is accompanied by enhanced heat production due to 

involuntary tremor of the skeletal muscles. These rapid contractions occur after a 

pre-shivering increase in the muscular tone (Ivanov, 2006), produce no useful 

mechanical work, and most of the energy used is liberated as heat. As seen for 

the control of cutaneous vasomotor tone, changes in deep body temperature 

contribute to a relatively greater extent to shivering responses than skin 

temperature (Frank et al., 1999). However, during immersions in cool water, the 

afferent input to the hypothalamic thermoregulatory centre will initially come from 

the decrease in skin temperature. Indeed, water temperatures of 30 °C have been 

sufficient to induce visible shivering within 40 minutes of immersion (Craig and 

Dvorak, 1966). The same authors noted that even in water at 24 °C, a significant 

increase in the rate of oxygen consumption was obtained in the first 10 minutes of 

immersion at rest, with no change in rectal or tympanic temperature. It is 
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interesting to note here that this water temperature is amongst the warmest that 

can be encountered on European coasts; shivering in these conditions reminds 

one that an important thermal stress is easily applied to the human body in an 

aquatic environment. 

Sweating. At the other end of the thermoneutral zone, when the whole body is 

exposed to the heat, or when deep body temperature rises, sweat rate will 

increase. As for the other thermo-effector responses, the increase in eccrine sweat 

gland activity will depend upon the integration of deep body and skin temperatures 

(Nadel et al., 1971; Candas et al., 1979). The glands will secret sweat on the 

surface of the skin which, if it evaporates, will cool the skin (latent heat of 

vaporization). This system stands as the last physiological defence against heat 

stress, and remains an efficient mechanism of heat loss (Candas et al., 1979). 

Maintaining heat balance in water 

The ability to maintain thermal balance depends largely on the subcutaneous fat 

thickness, as observed on long-distance swimmers (Pugh and Edholm, 1955). 

This balance can also depend indirectly upon the activity undertaken during 

immersion. With exercise, heat exchange from the body to the environment can be 

greater than that at rest because exercise will increase blood flow to the active 

muscles and consequently reduce tissue insulation (Rennie et al., 1980). 

Secondly, the movements engendered will disrupt the thin water boundary layer at 

the surface of the body, reducing the modest insulation provided and increasing 

convective heat loss. 

Keatinge (1961) concluded that in cold water (<25°C), whole body exercise (arms 

and legs) lead to a greater decrease in deep body temperature than that seen at 

rest. In this case, heat loss increases more than heat production. Golden and 

Tipton (1987) found that the deep body temperature fell more quickly during static 

immersion in cold water than it did during exercise. This difference was, in part, 

attributed to the nature of the exercise. In this latter study, leg-only exercise was 

performed and it was argued that exercising arms are a greater source of heat 

loss than the legs, partially explaining the conflicting results with previous work. In 

effect, at the same work load, the arms receive more heat than the legs and 
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because they have twice the surface-area-to-mass ratio of the legs, and a shorter 

conductive pathway from the centre to surface of the limb, their ability to retain that 

heat is smaller. Additionally, when the arms are not exercising they can partly 

insulate the torso – the major area for heat loss in cold water – and do not 

increase convective heat loss in this area by movement. When the legs are not 

exercising, one leg simply insulates the other if held together, but blood flow to the 

limbs is, in any case, minimised due to vasoconstriction (Golden and Tipton, 

1987). 

Keatinge (1961) and Golden and Tipton (1987) undertook their studies with 

unprotected individuals in cold water. As the “variable” insulation provided by 

unperfused muscles is lost during exercise, the “fixed” external insulation of 

wetsuit clothing and internal insulating subcutaneous fat become more important, 

and different conclusions might be drawn when special protective garments are 

used, or people are in warmer water. 

Temperature sensation 

The autonomic responses will be initiated after integration of thermal afferent 

signals from the skin, the spinal cord, the viscera and other internal tissues, and 

the hypothalamus (Boulant, 2000). However, during the first minutes of immersion, 

even in very cold water, afferent cutaneous thermorerceptors will be providing the 

first and major drive to responses (Tipton and Golden, 1987). Therefore, this 

section focuses on peripheral rather than deep body thermal input. 

Cutaneous thermoreceptors. A cutaneous thermoreceptor is a temperature 

sensitive nerve ending situated just beneath the skin surface, which responds to 

either innocuous warm or cold stimuli by presenting a static discharge at constant 

temperature and a dynamic response to changing temperatures (Hensel, 1981). 

The pioneering work of Hardy and Oppel (1938) on cutaneous thermoreception 

revealed that cold receptors were more densely distributed and nearer the skin 

surface than the warm ones. It is only recently that environmental cold has been 

shown to be detected by the thermosensitive excitatory transient receptor potential 

(TRP) ion channel, with a predominant role of the TRPM8 channel in the range 15 

°C to 25 °C (Bautista et al., 2007). Genetically-modified mice lacking this particular 
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channel showed severe deficiencies in sensing cold and in cold-induced 

behaviour. The neural pathways of thermosensitive fibres are known to be 

relatively similar to other peripheral sensory inputs. Thermal primary afferent 

nerves have their cell bodies in the dorsal root of the spinal cord, from where the 

information is transmitted to the thalamus for integration and further projection to 

the somatosensory cortex (McGlone and Reilly, 2010). 

Static and dynamic responses of cutaneous thermoreceptors (Figure 2.1). When a 

sudden thermal stimulus is applied to the skin, the frequency of discharge of the 

thermoreceptors reaches a maximum (Iggo, 1969). This peak in firing frequency 

depends on the adapting temperature, which can be defined as the steady 

discharge observed at constant temperatures (Iggo, 1969). It has been shown that 

for a given adapting temperature, the dynamic response is more intense when the 

cooling stimulus (rate of change of temperature) is higher (Kenshalo and Duclaux, 

1977; Hensel, 1981). Cold and warm sensitive fibres have a maximal static 

discharge at different specific temperatures (different constant stimuli) despite an 

overlap in temperatures ranging from 30 °C to 40 °C (Hensel, 1951). 

 

Figure 2.1. Characteristic response of a cold receptor, adapted to 32 °C. Here is 

represented the dynamic response to a 30 °C stimulus. 
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After the initial response to the cold stimulus, the firing frequency of the 

thermoreceptors rapidly reduces to lower levels but still above the pre-cold 

exposure static discharge frequency (Figure 2.1). This short term partial 

adaptation produces a new static discharge that disappears when the cold 

stimulus is removed; the frequency then rises again to return to the initial static 

values, corresponding to the adapting temperature (Hensel, 1981). 

Although human data are limited, it is interesting to note from animal studies that 

both warm and cold fibre populations seem to have the same (low) activity for a 

temperature approximating 34 °C, which is close to the mean skin temperature in 

thermoneutral environments. Also, it appears from these experiments that various 

cold fibres constitute the cold sensitive fibre population, with distinct maximal 

discharge frequencies when different cold stimuli are presented. From the bell-

shape response of a given cold fibre (produced from static discharge maxima 

independently obtained), it seems that a similar discharge frequency can be 

obtained with two different temperatures. This suggests that the way cold is 

eventually decoded cannot be explained solely by the response of one single 

thermosensitive unit. 

Responses to intensity and surface area of the stimulus. The sudden increase 

from the static discharge of thermoreceptors described above depends on the 

intensity of the stimulus. The absolute temperature applied to the skin will 

determine the magnitude of the rise in the firing frequency with, for example, 

maximal responses in primates at temperatures around 30 °C (Iggo, 1969). In 

addition, it is agreed that the threshold of cold sensation increases with decreasing 

cooling rates (Kenshalo et al., 1966; Kenshalo and Duclaux, 1977). In humans, 

this cold threshold was shown to depend upon the cooling rate and the surface 

area stimulated (Hardy and Oppel, 1938). Indeed, these authors revealed that 

even very slow rates were sufficient to trigger a response when large areas (200 

cm2) of the upper body were stimulated, but a fall of skin temperature by 0.25 

°C.min-1 was necessary when only a small area (less than 5 cm2) was exposed. 

Likewise, the cold sensation threshold has been shown to be lower when the 

surface area stimulated on the hand is greater (Defrin et al., 2009). It is interesting 

to note that this spatial summation of thermal afferent signals also takes place 
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when two symmetric body parts (left and right hands for example) are 

simultaneously stimulated, reducing the threshold for temperature sensation 

(Hardy and Oppel, 1937). Altogether, these findings suggest that when the whole 

surface of a naked body is immersed in water around or below 30 °C, even small 

falls in temperature will be associated with a cold sensation. However, despite the 

extensive research conducted in this area, it is difficult to predict what the cooling 

threshold would be in such situations. For the reasons reported in the next section, 

it is unlikely that all body parts would play an equivalent role in the detection of that 

threshold. 

Regional variation in thermosensitivity. There are three main ways to investigate 

cutaneous thermal sensitivity. The first one consists of applying a very small 

stimulus (1 mm²) to neighbouring points on the skin and assessing the number of 

cold spots associated with these individual stimulations. The second method 

relates to the estimation of the magnitude of a cold stimulus applied on different 

skin regions; in practice, volunteers rate the perceived intensity of the stimulus on 

a scale. It is also possible to explore thermal sensitivity by measuring the intensity 

of the stimulus needed to produce a thermal sensation (thresholds). This is known 

as the methods of limits and corresponds to the detection of thermal thresholds. 

Other methods rely on autonomic responses to thermal stimuli. The investigation 

of thermal sensitivity has been a field of interest for a long time, but the various 

methods used might explain some of the discrepancies found in the results.  

From studies on thermal sensory spots conducted in the early 1930s, it has been 

reported that not only are the densities of warm and cold spots on the skin 

different, but within a given population of sensory spots, the density varies across 

the body (from Strughold and Porz, 1931, reported by Hensel, 1981). The number 

of cold spots per square centimetre for different body regions was as follow: 

abdomen = 12.5, face = 11, chest = 10.2, dorsal finger = 9, back = 7.8, dorsal 

hand = 7.4, arm = 7 and dorsal foot = 5.6 (values adapted from those reported by 

Hensel, 1981). However, these results may contain under-estimations as it was 

shown later by electrophysiological measures that cold receptors could be firing 

with a frequency low enough to not be sensed, and fire at perceptual 

thermoneutrality (Hensel, 1981). The results from Strughold and Portz, based on 
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conscious estimations only, may not provide a good estimation of the density of 

cold receptors within a body area. 

Extensive work was subsequently conducted, where thermal sensitivity was 

investigated by measuring the physiological (autonomic) thermoregulatory 

responses to cutaneous thermal stimuli. Nadel et al. (1973) recorded the increase 

in sweating rate when applying a warm stimulus to different body parts, and found 

that the face was by far the most sensitive area. In a similar way, the decrease in 

sweating rate was investigated by stimulating different skin region with a water-

cooled thermode (Crawshaw et al., 1975). It was found that cooling the skin on the 

forehead produced a greater decrease in sweating rate than the other regions 

tested (chest, abdomen, lower leg, thigh and back). However, the authors noted 

that the lower legs had approximately the same cold sensitivity as the chest, the 

abdomen and the thigh, whereas this region was relatively insensitive to warm 

stimuli in the study by Nadel et al. This raises the possibility that warm and cold 

receptors may be distributed differently across the body.  

In a series of studies, it was shown that the “gasp” response on immersion in cold 

water was strongly related to the changes in skin temperature (Mekjavić et al., 

1987; Burke and Mekjavić, 1991). Although not regarded as a thermoregulatory 

response, this reaction seemed to follow the functioning pattern of cold receptors, 

and therefore provided an indication of cutaneous cold thermal sensitivity. In this 

work, different body areas were alternatively exposed to cold water whilst the 

others were protected and maintained at thermoneutral levels. It was reported that 

not all body regions contributed to this autonomic response; the torso had a 

greater cold sensitivity than the legs or the arms. When looking at various 

autonomic responses to cold water immersion, Tipton and Golden (1987) did not 

observe any significant difference for two of them (minute ventilation and 

respiratory frequency) between the direct exposure of the torso and that of the 

limbs. However, during the immersion the protected regions still demonstrated a 

drop in skin temperature, and it is possible that, amongst other things, the 

difference in skin temperature between the exposed and non-exposed regions was 

insufficient. 
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However, it has been noted on several occasions that what is observed for the 

autonomic responses to thermal stimuli was not always observed for thermal 

sensations. For example, increasing the area of cold stimulation or the cooling rate 

of skin temperature has a greater effect on decreasing the sweating rate than on 

increasing cold sensation (Crawshaw et al., 1975).  

The same method of estimating cold sensitivity was later utilized; it is based on the 

estimation of the magnitude of a cold stimulus applied on different body regions, 

rated as the perceived intensity of a thermal sensation. By cooling the skin from 

thermoneutral temperature to 30 °C, Stevens et al. (1979) reported that the coldest 

sensations were evoked when the back was stimulated, followed by the limbs, and 

then the head. In good agreement with Stevens et al., it was recently shown that 

cold sensitivity (as rated on a thermal sensation scale) was greater at the trunk 

and lower on limbs, and that differences were also significant within a body 

segment between sites (Ouzzahra et al., 2012). Although the results might be of 

interest for applied purposes in air, the reasons behind the regional differences 

remain unclear, and the conclusions may not hold in an aquatic environment. The 

fact that the back showed a greater sensitivity to a cold stimulus could, for 

example, have been due to a higher adapting temperature (that is a temperature 

at which thermoreceptors “naturally” demonstrate a static discharge) than the 

limbs; the same stimulus (20 °C) applied to two different regions will cause 

different changes in temperatures. Skin temperatures were measured on four sites 

only and the actual magnitudes of the cold stimuli for each site are unknown. 

More generally, in most studies only one site at a time has been stimulated. 

However, it has been shown that the greater the surface area stimulated, the 

smaller the differences between the regions (Stevens et al., 1979). In addition, as 

noted earlier, during immersion the skin temperature of all non-protected regions 

rapidly approximates that of the water. Thus, it seems reasonable to think that 

given the environmental stress that is put on large body surfaces during water-

based activities, and the intensity of it, the variations in cold sensitivities between 

segments might be different from those observed in studies conducted in air.  

Although the cutaneous thermoreceptors are the major contributors to overall 

thermal perception of the environment, a direct relationship between skin 
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sensitivity and the satisfaction with this thermal environment has not been 

established. The next section of this chapter explores the possible reasons for this, 

and how different environments are perceived. 

Thermal comfort 

Thermal comfort can be defined as the condition of mind expressing satisfaction 

with the environmental conditions (ASHRAE, 1966). It is an emotional and 

affective experience, which depends on an individual’s history and expectation 

(Leblanc et al., 2003). It is agreed that overall (whole body) thermal comfort refers 

to the subjective indifference to the thermal environment (IUPS Thermal 

Commission, 2001). It may thus be possible to characterise thermal comfort by the 

absence of discomfort. 

Whenever discomfort is experienced, humans will adjust their position, move to a 

different place, or adapt their clothing to regain comfort (Parsons, 2003). This 

thermoregulatory behaviour is the first response to occur when one becomes 

thermally unsatisfied with the surroundings, and it may also be regarded as the 

most efficient in that it can be used within thermoneutral environments as well as 

when facing otherwise-lethal temperatures in winter for example. 

The main findings from research conducted on the regional variation in 

thermosensitivity have been presented in the previous section of this chapter. 

However, it has been shown by brain imaging that the cerebral structures involved 

in the physical perception of temperature are different from those involved in 

thermal comfort (Rolls et al., 2008). In addition, as opposed to thermal sensation 

(Hensel, 1981), thermal comfort (or discomfort) appears to be driven by a 

combination of skin and deep body temperatures (Frank et al. 1999), and depends 

on the general state of the thermoregulatory system (Cabanac et al., 1972). 

Confirming previous results, Cabanac et al. showed that a cold sensation on the 

skin is preferred when internal body temperature is high and a warm stimulus is 

more likely to be experienced as comfortable when deep body temperature is low. 

Conversely, exposure to an environment leading to an even bigger deviation from 

normal will be considered as uncomfortable. In other words, the preference for a 

thermal stimulus is guided by the requirements of deep body temperature. 
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Altogether, these observations make it difficult to directly predict thermal comfort 

from the results obtained for thermal sensation. 

Research on thermal comfort has been very active in the past century, and has 

increased significantly over the last 40 or 50 years. This may be due to the fact 

that satisfaction with the thermal environment implies that no unpleasant thermal 

feeling will arise, the occupants are more likely to remain focused, motivated, 

healthy and productive (Parsons, 2003; de Dear, 2004). The objective has been to 

try to find a combination of (six) parameters defining the conditions in air that 

would allow most people to remain comfortable, or produce discomfort for the 

smallest proportion of the occupants of a building (Fanger, 1970). Four of these 

parameters relate to the environment: ambient air temperature, air speed, relative 

humidity, and mean radiant temperature, whereas the other two, metabolic heat 

production and clothing insulation are personal factors (Havenith, 2002). This 

predictive model was based on the data collection from a large number of human 

subjects exposed to different laboratory environments. The outcomes, the 

predicted mean vote of thermal sensation and the predicted percentage of 

dissatisfied, assumed that sensation and discomfort were based on the heat flow 

from the body to the environment. However, these predictions are only applicable 

in stable and steady environmental conditions, and the whole body was regarded 

as one single segment. 

In an attempt to broaden the understanding of thermal comfort, extensive work has 

recently been conducted on the distribution of local thermal comfort over the body 

and its impact on overall indoor thermal comfort (Huizenga et al., 2001; Zhang, 

2003; Huizenga et al., 2004; Arens et al., 2006, Wang et al., 2007). An important 

observation from these studies is that overall thermal comfort followed the most 

uncomfortable body parts. In cool and cold air environments, overall thermal 

comfort was mostly influenced by the extremities. However, when the extremities 

were the only regions stimulated, no impact on overall thermal comfort was 

noticed, and hands and feet were then defined as the least influential body parts 

(Zhang, 2003). In contrast, when a cold stimulus was applied to the chest or back, 

general cold discomfort was increased (Zhang, 2003; Nakamura et al., 2008). 
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Nevertheless, these investigations were done in air, which in cool and cold 

conditions produce a non-uniform skin temperature distribution across the body 

(Huizenga et al., 2004). This would explain why, during whole body cold 

exposures, the extremities were the major source of discomfort: they were the 

coldest regions of the body. For similar reasons, the impact on thermal comfort of 

a cold stimulus applied to a single body site will depend upon its initial skin 

temperature. Indeed, due to the characteristics of peripheral cold sensitive fibres 

(Iggo, 1969; Kenshalo and Duclaux, 1977; Hensel, 1981) the influence of each 

body region on overall thermal comfort will be determined by the local skin 

temperature (or adapting temperature) in “natural” thermal comfort air conditions. 

For these reasons, it cannot be assumed that the influence of different body 

regions on overall thermal comfort in air will still hold in water, where the skin 

temperature of a non-protected individual will be equally distributed. 

Unfortunately, in contrast with the understanding of thermal comfort in the air, 

relatively little is known about thermal comfort in water. One could explain this gap 

in knowledge by the fact that most of the research has focused on the safety 

aspects of cold and very cold water immersions (Keatinge, 1961; Rennie et al., 

1962; Golden and Tipton, 1987), so that one’s “satisfaction” with the thermal 

environment has been considered a low priority. However, in the more leisure-type 

and less stressful situations of water-sports, maintaining thermal comfort becomes 

a crucial objective as, by the influence on pleasure responses (Chatonnet and 

Cabanac, 1965), it will contribute to the global personal experience of it. 

It was noted earlier that given the physical characteristics of water, without 

protection, at rest, thermal comfort is only achieved in water temperature as high 

as 35 °C water (Craig and Dvorak, 1966). Despite the extensive body of literature 

available regarding the thermal and insulative properties of wetsuits and 

accessories, and other protective clothing during immersion (Yeon et al., 1987; 

Choi et al., 1988; Iwamoto et al., 1990; Wakabayashi et al., 2006), little is known 

about the thermal comfort provided by such garments.  

Although the main purpose of their study was not to investigate perceptual 

responses to cold water, Tipton and Golden (1987) reported that volunteers 

immersed in cold water (10 °C) felt more comfortable when the limbs were 
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protected (and trunk exposed) than when the trunk region was protected (and 

limbs exposed). However, in parallel with intense discomfort, pain from their 

hands, feet and forearms in the limbs-exposed condition was also reported, which 

may account for the greater discomfort experienced in this condition. In the very 

cold situation of this immersion, nociceptors were stimulated rather than (or 

perhaps in addition to) cold receptors, which makes it difficult to reach conclusions 

regarding overall thermal comfort per se between these two conditions. Hence, it 

was uncertain whether similar results would be obtained in warmer conditions 

In much warmer conditions, volunteers immersed up to the neck in 26 °C with a 

partial coverage wetsuit (with forearms, hands, lower legs and feet exposed) felt 

more comfortable than when wearing swim briefs only, immersed in 29 °C water 

(Wakabayashi et al., 2008). However, this difference was only noticed once a 

difference in deep body temperature between the two conditions became 

apparent; due to higher tissue insulation in the wetsuit condition, the deep body 

temperature decreased more slowly than in the swim briefs. It is agreed that deep 

body and skin temperature equally contribute to thermal comfort (Frank et al., 

1999); this could explain why the difference observed in thermal comfort between 

the two conditions was only detected at the end of the immersions. Therefore, in 

situations where deep body temperature remains constant, as in the early stages 

of a water-based activity, the body part determining thermal comfort is unclear. 

Just as for thermal comfort during immersion in cool water, very little has been 

done regarding thermal comfort in the dynamic situations in air following 

immersion, when facing the evaporative cooling on the surface of the skin and/or 

the garment. In studies conducted in wet, cold and windy environments, 

perceptual responses were collected in highly stressful conditions due to the air 

temperature, the amount of physical activity, and/or the duration of the exposure 

(Thompson and Hayward, 1996; Yamane et al., 2010). As a result, only intense 

thermal discomfort was experienced. Thus, whole body thermal comfort responses 

post-immersion, when resting or undertaking a light activity in a cool environment, 

as commonly observed in recreational water-based activities, are still unexplored. 

Altogether, it appears that the conditions necessary for thermal comfort in air 

require at least revision, and perhaps, profound modification before one can 
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predict or estimate thermal comfort during water-based activities. The 

determinants of such comfort during and following immersion in cool water, at rest 

or when undertaking light physical activity, have never been explored. The work 

presented in this thesis has tried to address these questions. 

We propose that the loss of overall thermal comfort during immersion in cool water 

will depend on the body region protected, and we hypothesize that the extremities 

and the chest will be involved first. When experiencing evaporative cooling 

following immersion, it is hypothesized that discomfort will be less intense when 

skin temperature cools more slowly and that thermal comfort would only improve 

when skin temperature increases. 
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Chapter 3 

 

General Methods 

Ethics 

All the experiments presented in this thesis complied at all times with The 

Declaration of Helsinki, as adopted at the 18th World Medical Association (WMA) 

General Assembly, Helsinki, Finland, 1964 and last amended at the 59th World 

Medical Association General Assembly, Seoul, South Korea, 2008. All 

experiments also complied with the Council of Europe (2005) and the convention 

on human rights and biomedicine concerning biomedical research; European 

Treaty Series No. 195, Strasbourg 25 January 2005. In addition, and prior to the 

participant recruitment process, each study in this thesis received ethical approval 

from the BioSciences Research Ethics Committee Review Board at the University 

of Portsmouth. 

Volunteer participants  

Volunteers were recruited from the University of Portsmouth student and staff 

population and the local population, through emails, notices and posters displayed 

throughout the department buildings of the University, and through the University 

intranet. These notices explained that the Department of Sport and Exercise 

Science was looking for physically and medically fit males between 18 and 39 

years old who had no previous history of cold immersions or cold habituation (not 

been exposed to cold water in the past year) to participate in ‘cooling studies’ with 

only brief details of the proposed study. These were accompanied by the 

appropriate contact numbers. For Study Four, it was mentioned that volunteers 

should be able to swim (breast stroke) for at least ten minutes. Furthermore, some 

parts of the work required volunteers for past studies to be tested again; these 

prior participants were contacted directly. Similarly, volunteers for previous 

experiments who indicated a willingness to participate in future studies were 

approached first. Potential volunteers attended the laboratory and were provided 

with an information sheet explaining the aims and procedures of the experiment, 

before we asked them to provide written informed consent. In all studies, 
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volunteers completed each of the different conditions at the same time of day to 

attenuate any diurnal influence on thermophysiological responses, but different 

volunteers were tested at different times of day (generally morning or afternoon). 

The order of the different experimental conditions followed a balanced or 

counterbalance Latin square design, and was then randomly attributed to each 

volunteer. They were instructed to avoid performing any vigorous physical activity 

and consuming alcohol for 24 hours prior to each test, and to avoid caffeine and 

hot food three hours before data collection. Volunteers received a £10 gratuity per 

visit to the lab to cover travel expenses and compensate for the time 

commitments. 

Description of the garments 

In all studies, the minimal clothing condition consisted of black or blue swim briefs 

made of a nylon-elastane blend. In the first two studies, shorties (wetsuit stopping 

at knees and elbows), long john (wetsuit stopping at wrists and ankles), gloves, 

boots and hood (Study Two only) were utilized. These were composed of 

neoprene foam and polyamide linings and were of equivalent thickness (2 mm to 

2.5 mm). However, the body surface covered varied between experiments. 

Different combinations of accessories and wetsuit were used to produce various 

experimental conditions. These are described in the methods sections of Study 

One and Study Two. Different fabrics were used in Study Four; accordingly, the 

clothing conditions used are presented in the relevant sections. In all studies, we 

made sure that the garments and accessories were as tight as possible to achieve 

a close fit, as would be the case when worn by consumers or end-users. 

Physiological measurements 

Unless stated otherwise, a common procedure was observed for each study. On 

arrival, volunteers were invited to use the toilet facilities. Anthropometric measures 

were taken. They were then instructed to self-insert, in private, a rectal thermistor. 

In the experiment chamber, volunteers were instrumented to measure the various 

physiological parameters which were continuously recorded throughout the tests. 

Also, volunteers were familiarised with the perceptual scales used for assessing 
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thermal comfort. With the help of the principal investigator, they then donned the 

clothing assembly required by the condition of the experiment. 

Anthropometric measures 

Height and body mass were measured in the pre-test physical examination. The 

sum of four skin folds (triceps, biceps, sub-scapular, supra-iliac) measured by 

calipers (Harpenden Instruments, West Sussex, UK) was used to evaluate 

percentage of body fat (Durnin and Womersley, 1974). 

Rectal Temperature 

To measure deep body temperature, volunteers were asked to self-insert in private 

a rectal thermistor (Grant Instruments [Cambridge] Ltd., UK) 15 cm beyond the 

anal sphincter. Firstly, this site is considered to be robust (Tipton, 2006) and it has 

been shown to be as responsive as other core temperature measurement sites in 

cooling conditions (Hayward et al., 1984). In Hayward’s study, the authors 

measured core temperature at four different sites (rectum, tympanic membrane, 

oesophagus and heart) and compared the values during the immersion of a 

volunteer in 10 °C water, for 100 minutes. Rectal temperature was the highest 

throughout the immersion but decreased at the same rate as the others. 

Therefore, in our studies, monitoring deep body temperature at the rectum was 

considered a reasonable choice. Additionally, from a more practical aspect, this 

established method enabled comparison with other studies. 

Rectal thermistors were tested for accuracy at three set temperatures: the 

maximum, minimum and midpoint(s) of the expected temperature range (35 °C, 

37.5 °C and 40 °C). They were held in a water bath (Grant Instruments 

[Cambridge] Ltd., UK) set at the required temperatures and compared to a 

calibrated thermometer (Digitron thermometer T600, RS instruments Ltd., UK) 

certified to BS EN ISO 9001: 2008. Rectal thermistors were discarded if they 

deviated more than 0.1 °C from the certified value.  

Deep body temperature was the first variable to be checked on the arrival of 

volunteers to make sure they did not deviate more than 0.5 °C from the standard 

value of 37 °C. Usually, almost one hour passed between this verification and the 

start of the experiment itself. At that point, deep body temperature was checked 
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again to ensure it did not differ by more than 0.3 °C from the value obtained during 

previous visit(s) to the laboratory. Data collection did not start until these 

conditions were met. Rectal temperature was continuously monitored and 

recorded throughout the experiments on an electronic data logger (Squirrel 1000 

series meter logger; Grant Instruments [Cambridge] Ltd., UK) at 30 second 

intervals. At the end of each testing in Study One and Two, volunteers were 

immersed in a rewarming bath maintained at 39 °C until they showed an 

increasing rectal temperature, above at least 36 °C.  

Skin Temperature 

Local skin-temperatures were measured by thermistors (Edale Instruments Ltd., 

UK) tested for an accuracy of 0.2 °C at four set temperatures, covering the 

expected range: 10 °C, 20 °C, 30 °C and 40 °C. The rest of the calibration 

procedure was similar to that used for rectal probes. Thermistors were attached to 

selected sites (described in the method section of each study) using a single piece 

of surgical micropore tape (TegadermTM Film, 3M, UK), and placed under the 

garment. Data were recorded on electronic data loggers (Squirrel 1000 and 2040 

series meter loggers; Grant Instruments [Cambridge] Ltd., UK) at 30 second 

intervals. Data were then downloaded with Filewise for Windows software 4.13 

(Grant Instruments [Cambridge] Ltd., UK). 

Skin Heat fluxes 

Skin heat flux was measured by heat flow sensors (model FM-060, Concept 

Engineering, CT, USA). The sensitivity of the sensors is 60 BTU.Sq.Ft. They were 

attached to the same selected sites as for the skin temperature measurements, 

and positioned next to the skin thermistors. These body sites are described in the 

method section of each study. Data were recorded on electronic data loggers 

(Squirrel 1000 and 2040 series meter logger; Grant Instruments [Cambridge] Ltd., 

UK) at 30 second intervals. Data were then downloaded with Filewise for Windows 

software 4.13 (Grant Instruments [Cambridge] Ltd., UK). 

Oxygen consumption 

In Study One and Two, metabolic rate was determined from the analysis of 

expired gases collected continuously throughout the experiments, using a 

respiratory face mask. Expired volume was measured by a turbine linked to a 
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spirometric module (KL Engineering, California, USA). The temperature of the 

expired gas was assessed by a thermistor linked to a thermistor pod (model ML 

309, AD Instruments, Australia). Expired gases passed through a mixing chamber 

and were analysed by a gas analyser (Powerlab ML206; AD Instruments, 

Australia). Before each test, the analyser was calibrated by a two point method 

using a certified calibration gas (BOC Special Gases Ltd., UK) of approximately 15 

% oxygen (O2), and 5 % carbon dioxide (CO2), but certified to the actual 

concentration to an accuracy of 0.01 %. The other gas was the external 

atmosphere air: 20.9 % O2 and 0.03 % CO2, balance nitrogen. All values were 

then recorded on a computer, using Labchart software 6 (AD Instruments, 

Australia). Metabolic rate was subsequently expressed as an absolute rate of 

oxygen consumption (V�O2; STPD) and used as an indication of exercise and 

shivering intensity.	 

Physical activity 

The first and third studies were conducted at rest, the second and fourth studies 

included low intensity exercise. The type of activity was specific to each study and 

is described in the respective method sections for Study Two and Four. 

Post experimental clean-up procedures 

Rectal thermistors were sterilized before each test for a minimum of one hour 

using a sterilizing solution (Haztabs, Edenbridge, Kent, UK). The same procedure 

was followed for respiratory masks and hoses, but in different sterilizing 

containers. Contact areas of skin thermistors, heat flux sensors, heart rate 

monitors and all other probes and equipment were cleaned with alcohol between 

each volunteer. Swim briefs and towels were washed. Towels were washed and 

garments rinsed with clear hot water or washed if the same garment had to be 

worn by two different volunteers. 

Perceptual measurement 

Prior to the first study, pilot tests were conducted with two volunteers to determine 

methods and measurement devices, including perceptual measurements. During 

these immersions, volunteers rated their thermal sensation along with their thermal 
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comfort. In the highly dynamic situations of our experiments, and considering the 

large number of regions involved (eight or nine), between the report of perceptual 

responses for the first body region and that for the last one, the amount of time 

that passed resulted in these two regions being exposed to slightly different 

thermal environments. Also, the perception of thermal comfort was believed to 

include volunteers’ expectations and other highly subjective and individual factors. 

Thus, information about sensation alone was considered insufficient to evaluate an 

individual’s thermal comfort. During these pilot tests, thermal sensation votes were 

closely related to thermal comfort votes. This was later confirmed during the 

immersion of a third volunteer. It was therefore decided to assess thermal comfort 

only, as this emotional response seemed more relevant to the aims of the project. 

Assessments of thermal comfort differed between studies, and are detailed in the 

corresponding method sections. In all studies however, volunteers were asked to 

orally report their comfort votes on the scale in front of them (A4 size), and this 

scale was used throughout the project for consistency (Figure 3.1). It was modified 

from the one originally designed by Zhang (2003). 

 

 

Figure 3.1. Categorical scale used for the assessment of thermal comfort. 

 

In our work, volunteers could only choose a thermal comfort state amongst those 

proposed on the scale as opposed to Zhang’s study where they could identify any 

place along the scale as corresponding to their perceptions. This was done to 

ensure a fast response from the volunteers and reduce the time between the 
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assessments of thermal comfort for different body regions. The comfort categories 

were subsequently transformed into numbers for analysis: 0 = very uncomfortable, 

2 = uncomfortable, 4 = just uncomfortable, 6 = just comfortable, 8 = comfortable 

and 10 = very comfortable. The numbers were not shown to the participant, only 

the text. 
 
 

Calculations 

The individual skin temperatures measured on the different body sites were 

combined to produce a mean skin temperature. The number of sites (eight for 

Study One and Study Four, nine for Study Two) was relatively large given that skin 

temperature on naked immersion is consistent across the body. However, due to 

the thermal protection provided by the different garment conditions, the skin 

temperature was assumed to be non-uniform across the body. Also, being 

exposed to a cool environment post-immersion, it was anticipated that the skin 

temperature observed would differ between body sites. This was in accordance 

with previous observations where a minimum of eight sites had been shown to be 

necessary for accurately estimating the mean skin temperature, especially in cold 

conditions (Choi et al., 1997; Olesen, 1984). In Study Three, volunteers were 

exposed to thermoneutral air environments, and the aim was to measure local skin 

temperatures on the same sites as those for the first two studies. 

In Study One and Study Four, mean skin temperature (T�sk) was calculated using 

an adjusted version of Hardy and Du Bois (1938) mean skin temperature equation 

to remove the head skin temperature (weighting of 0.07), which was not immersed 

in Study One, and not directly exposed in Study Four. 

T�sk = (0.175 Tchest + 0.175 Tback + 0.07 Tupperarm + 0.07 Tforearm + 0.05 Thand + 0.19 

Tthigh + 0.13 Tcalf + 0.07 Tfoot)/0.93 

For these two studies, mean skin temperatures of the trunk and proximal 

extremities (T�trunk) and the distal extremities, including hands, feet, forearms and 

calves (T�limb) were calculated using the following equations, also adapted from 

Hardy and Dubois (1938): 

T�trunk = (0.175 Tchest + 0.175 Tback + 0.07 Tupperarm + 0.19 Tthigh) / 0.61 
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where 0.61 is the relative surface area of the trunks and proximal extremities. 

T�limb = (0.07 Tforearm + 0.05 Thand + 0.13 Tcalf + 0.07 Tfoot) / 0.32 

where 0.32 is the relative surface area of the distal extremities. 

In the second and third studies, where the head (but not the face) was exposed to 

the same environmental conditions as the other body regions, the forehead skin 

temperature was included in the equations as follows: 

T�sk = (0.07 Tforehead + 0.175 Tchest + 0.175 Tback + 0.07 Tupperarm + 0.07 Tforearm + 0.05 

Thand + 0.19 Tthigh + 0.13 Tcalf + 0.07 Tfoot) 

 

T�trunk = (0.07 Tforehead + 0.175 Tchest + 0.175 Tback + 0.07 Tupperarm + 0.19 Tthigh) / 0.68 

 

In all studies, mean body temperature (T�b) was estimated by a body core and body 

shell model with fixed weighting factors using the following equation: 

T�b= 0.67 Tre + 0.33 T�sk  (Gagge and Nishi, 1977). 

Body surface area (BSA) was determined by the equation below: 

BSA = 0.007184 x Height (m)0.725 x Weight (kg)0.425 (Du Bois and Du Bois, 1916). 

Data analyses 

Before any analysis was conducted, it was confirmed that the data met the 

requirements and assumptions of each statistical test used. In all studies, all 

volunteers undertook all experimental conditions so that one-way repeated 

measures analysis of variance were conducted at chosen time-points, and further 

tests used the Bonferroni post-hoc test. When necessary, paired-samples t-tests 

were conducted. Other specific analyses are described in the methods section of 

each study. Unless otherwise stated, values presented are means and standard 

deviations (SD). A P value < 0.05 was considered statistically significant. All 

statistical testing was performed using IBM® SPSS® Statistics versions 18 and 20. 
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Chapter 4 

 

Study 1: Thermal responses of humans immersed at rest in cool 

water whilst wearing different levels of thermal protection 

 

Introduction 

Considering the physical characteristics of water, it is not surprising that human 

skin has been reported to be very sensitive to changes in water temperature, 

especially when these changes are rapid, and a large surface area of skin is 

exposed (temporal and spatial summation) (Herrmann et al., 1993). As noted, 

thermal comfort depends upon deep body, initial & absolute skin temperatures and 

the rate of change of skin temperature (Hensel, 1981; Hensen, 1990). 

Furthermore, it has been reported that deep body and skin temperatures 

contribute equally to thermal comfort (Frank et al., 1999). So in situations where 

skin temperature only is affected, as would be seen during the early stages of 

immersion in water for example, it is expected that thermal comfort and skin 

temperature will be highly correlated. Hence, one may think that when deep body 

temperature remains the same (within as yet undefined limits), the faster skin 

temperature falls, the greater the discomfort and the sooner it occurs. The rate of 

fall of skin temperature when entering the water can be reduced by wearing a 

wetsuit. This damping effect in the temperature decrease is a well-known key 

element in the protection from discomfort provided by wetsuits. Nevertheless, it 

remains unclear which regions of the body are most important for the maintenance 

and determination of thermal comfort. 

A previous study (Tipton and Golden, 1987) noted that the immersion of humans 

in very cold water (10 °C) was rated more comfortable when the limbs were 

protected (and trunk exposed) than when the trunk region was protected (and 

limbs exposed). In this study though, volunteers reported pain from their hands, 

feet and forearms in the limbs-exposed condition, which could partly explain the 

greater discomfort experienced in this condition. As noticed by the authors, the 
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very low water temperature may have stimulated cold nociceptors rather than (or 

in addition to) cold receptors, as it is agreed that cold-induced pain can be 

observed when skin temperature is 15 °C or below (Davis, 1998; Meier et al., 

2001; Geng et al., 2006). Given the non-uniform distribution of cold 

thermoreceptors across the surface area of the body, it is believed that the 

distribution of cold nociceptors is not uniform either (Hensel, 1981). In addition, the 

sensory feedback from the hands and, to a lesser extent, the feet, is relatively 

more important than that from other body regions (Penfield and Rasmussen, 

1952). Therefore, it is difficult to conclude what was responsible for this difference 

of thermal comfort per se, and if these results would remain the same in warmer 

conditions. Also, intense vasoconstriction in the distal extremities in the limb-

exposed condition may have caused ischaemic pain and discomfort, as it has 

been observed that minimal blood flow and maximum pain may occur at the same 

time (Wolf and Hardy, 1941). This was not a factor in the torso-exposed condition. 

A recent study investigated the effects of different skin temperature distributions 

on thermal comfort in much warmer conditions (26 °C and 29 °C water) 

(Wakabayashi et al., 2008). Despite slightly lower mean skin temperatures, 

volunteers immersed up to the neck in 26 °C water wearing a partial coverage 

wetsuit (with forearms, hands, lower legs and feet exposed) felt more comfortable 

than when wearing swim briefs only, immersed in 29 °C water. However, this 

difference was only noticed in the late stages of the immersion. Because of a 

higher tissue insulation in the wetsuit condition, the deep body temperature 

decreased more slowly than in the swim briefs. Consequently, in the later part of 

the one hour immersion, a difference in deep body temperature between the two 

conditions became apparent; this might explain why the difference observed in 

thermal comfort between the two conditions was only detected at the end of the 

immersions. 

Most research in the field has been done in cold and very cold water and/or during 

prolonged immersion. As a consequence, little is known on perceptual responses 

of humans being exposed to an aquatic environment in a leisure-based scenario, 

where the duration of immersion and the water temperature would be less 

stressful. It was thus decided that this first study would investigate the thermal 
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comfort of volunteers during immersion in cool water and cold water, at rest and 

whilst wearing different levels of protection.  

In cool air environments, Zhang (2003) reported that thermal sensations for hands 

and feet were rated colder than other body sites and local thermal comfort was 

lower in these regions than elsewhere. It is important to note that in this study, 

overall thermal sensations and comfort were closest to the comfort votes from the 

hands and feet. In other words, cold hands and feet have a disproportionately 

large influence on overall thermal comfort. We can expect the extremities to be an 

important source of discomfort in water, and the colder the water the greater the 

impact. 

Various studies have suggested the relatively important cold sensitivity of the torso 

(Keatinge and Nadel, 1965; Burke and Mekjavić, 1991; Ouzzahra et al., 2012), 

and Nakamura et al. (2008) noted that in cool environments, cooling the torso was 

more uncomfortable than cooling the face. Given the possibility of a high sensitivity 

of this body part, and its relatively large surface area, it is expected that in the 

situation of a whole body cold stimulation in water, the chest may have a 

significant impact on the overall thermal comfort. 

It has been noticed that wearing gloves in cold water (approximately 17 °C) could 

impair the efficiency of thermoregulatory mechanisms, leading to greater heat loss 

than when the hands were directly exposed (Choi et al., 1988). To explain these 

results, the authors suggested that the reduced cold input from the extremities had 

attenuated the vasoconstriction response. It is thus expected that the coverage 

provided by the accessories will have an impact on the cooling of deep body 

temperature. 

 

Aims and Hypotheses 

The primary aim of this study was to investigate i. The relative importance of the 

different body regions for thermal comfort in resting humans immersed to the neck 

in cool and cold water, and ii. How different levels of insulation affect thermal 

comfort and body cooling rates. 
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Hypotheses 

We hypothesized that: 

1. The loss of overall thermal comfort (as expressed by the shift from “just 

comfortable” to “just uncomfortable”) will depend on the body region protected. 

Specifically, we propose that wearing a short wetsuit with gloves and boots will 

help maintain thermal comfort for longer than when wearing a long wetsuit 

without gloves or boots would.  

2. Discomfort will be reported first more often due to the hands, feet and torso 

than for other body sites. 

3. Wearing a long wetsuit with gloves and boots will facilitate cooling of deep 

body temperature when compared to the same wetsuit without gloves or boots. 

 

Methods 

Volunteers 

Eight male volunteers were recruited for this first study. They all completed the 

four immersions. 

Procedure 

The experiment was a repeated measures design in which the eight volunteers 

completed four immersions (on four separate days), each in the different clothing 

provided by Tribord (Oxylane group): 1) Swim briefs only, 2) Short wetsuit (to 

knees and elbows level) with gloves and boots, 3) Long wetsuit only (full coverage 

wetsuit, to the wrists and ankles), and 4) Long wetsuit with gloves and boots 

(Figures 4.1, 4.2, 4.3 and 4.4). 
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Figure 4.1. Immersion in swim briefs. Figure 4.2. Immersion in short wetsuit  

with gloves and boots. 

 

 

Figure 4.3. Immersion in long wetsuit.  Figure 4.4. Immersion in long wetsuit 

with gloves and boots. 

 

The experiment consisted of four head-out immersions at rest in a water tank, 

where volunteers adopted a supine reclining position in a hammock. The net-

structure allowed for water to circulate and affect all body regions so that the front 

and back of the body were exposed similarly. The temperature of the water was 

initially 34.5 °C, so that volunteers would be in a comfortable situation in all 

clothing conditions, with minimal impact on their deep body temperature. After five, 

and nine minutes of immersion volunteers rated their overall and local (chest, 

lower back, upper arm, forearm, hand, thigh, calf, and foot) thermal comfort. At the 

10th minute water temperature was decreased at a reproducible rate, over 

approximately 20 minutes, to 19.5 °C. The temperature profile of the water during 

the immersion, along with the key experimental points are shown in Figure 4.5. 



 54

 

Figure 4.5. Temperature profile of the study. The point of loss of thermal comfort 

on the slope is given as an example. 

 

Throughout the thesis, this period will be referred to as the “cooling phase”, during 

which water was warmer than 19.5 °C. Unless stated otherwise, this temperature 

was considered to be “cool”. 

When water temperature was falling (“cooling phase”), volunteers were asked to 

report when they no longer felt comfortable by telling the investigator whenever 

they first felt overall “just uncomfortable” on the scale, rather than responding to 

questioning at fixed time points. If subjective responses had been assessed at 

regular intervals during the cooling phase of the experiment (every two or three 

minutes for example), there would have been a delay between the first time “just 

uncomfortable” was reported, and the actual moment it was perceived. Given the 

rate of water temperature change over that period, the corresponding thermal 

profiles (absolute and rates of change in skin and rectal temperatures) would have 

been very different. At the point of loss of thermal comfort during the cooling 

phase, volunteers were also asked to report which region of their body they 

thought was responsible. From this moment until the end of the cooling phase 

(that is, minute 30 of immersion), overall and local thermal comfort were rated 

every three minutes. Preliminary tests showed that this duration was a reasonable 

compromise between a good temporal resolution and the amount of time needed 

to report local thermal comfort for all body sites. 
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After the water had been cooled to 19.5 °C (minute 30 of immersion) it was 

maintained at that temperature for up to 45 minutes, and thermal responses were 

assessed. Throughout the thesis, this period will be referred to as the “stable 

phase”, during which the water temperature was approximately 19.5 °C, and in 

any case below 20 °C. Unless stated otherwise, this temperature was considered 

as “cold”. This enabled a relative comparison of the clothing assemblies in terms 

of their ability to preserve deep body temperature in a relatively cold environment. 

In addition, whole body and regional thermal comfort were assessed every five 

minutes during the “stable phase”, providing the opportunity to investigate 

perceptual responses in a colder environment. 

Facilities 

To be able to cool the water at a fast and reproducible rate, a specific immersion 

facility was designed and built for the experiment (Figure 4.6) in the Extreme 

Environments Laboratory at the University of Portsmouth. The aim was to have a 

relatively small tank to be able to control the water temperature more easily, and 

utilize the existing immersion facility as a cold water réservoir. The new facility 

consisted of a 220 cm x 150 cm x 70 cm rectangular tank. Plywood was used to 

create an inner “skin” to a box frame made from pressure treated timber. To 

withstand the considerable hydrostatic pressure the structure was strengthened by 

adding an external plywood skin to the box frame. The void between skins was 

filled with loft insulation (non-itch recycled plastic) to help keep the water 

temperature stable. The base of the tank was lined with expanded foam mats to 

provide insulation from the floor. A rubber liner was dropped into the completed 

wooden tank and held in place with aluminium strips screwed into the timber. 

Pipes were placed at the bottom of the tank, along the inner perimeter. Holes were 

made into the pipes, at regular distances to evenly distribute the cold water in the 

tank. A system pumped the cold water from a second water tank and injected it 

through the pipes into the tank in which volunteers where immersed. During the 

injection, the extra water was taken away through two drain pipes, so that the level 

of the water in the immersion tank remained constant (at 50 cm) throughout the 

active cooling process. 
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Figure 4.6. Immersion tank used for the study (left picture), and the position of a 

volunteer (right picture). 

 
The injection of cold water into the immersion tank provided good mixing of the 

cooling water. No extra stirring was added because it was a priority to avoid large 

convection heat losses, which would have been very different across conditions. 

The pump used was powerful enough to inject about 100 L.min-1. After several 

pilot tests it was decided to inject 12 °C water into the immersion tank (34.5 °C) for 

about 18 minutes. Throughout the immersions, water temperature was 

continuously monitored and recorded with three thermistors, attached to the 

hammock around the head, waist and feet areas. The final set up enabled the 

water temperature of the whole immersion tank to be cooled at a reproducible rate 

of 0.8 °C.min-1. 

Measurements 

Local skin temperatures were measured by thermistors attached to selected skin 

sites, on the right side of the body (back of hand, inner forearm, and outer upper 

arm, chest, lower back, thigh, calf and top of foot). Skin heat flows were measured 

by heat flow sensors on the same sites. Deep body temperature was measured 

rectally. Oxygen consumption was determined from the analysis of expired gases 

that were collected continuously throughout the experiment using a facemask. 

Throughout the immersion, volunteers were asked to orally report their overall and 

Injection pipe 

Hammock 

Cold water 

réservoir 

Recording devices  

New 

immersion 

facility 
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local (hands, forearms, upper arms, chest, lower back, thighs, calves and feet) 

thermal comfort. 

 

Analyses 

Before any analysis was conducted, it was confirmed that the data met the 

requirements and assumptions of each statistical test used, such as normality and 

sphericity. Times of loss of comfort and physiological data sets were compared 

using a one-way analysis of variance and further tested using the Bonferroni post-

hoc test. Data recorded at the point of loss of comfort were computed and a 

multiple regression analysis was conducted to try to identify which body regions 

were responsible for the loss of comfort. The alpha level was set at 0.05. 

 

Results 

General observations 

Eight male volunteers were recruited for this first study. They all completed the 

four immersions. All volunteers were adults under 31 years old (Table 4.1), self-

reported “moderately fit” to “very fit” on an Exercise and Health History 

Questionnaire (October 2009 version). 

Table 4.1. Characteristics of the volunteers 

Volunteer 
# 

Age 
(Year) 

Height 
(cm) 

Mass 
(kg) 

BSA/m 
(m²/kg) 

BSA 
(m²) 

Ʃ 4 Skin 
Folds (mm) 

Ʃ 8 Skin 
Folds (mm) 

BF % 

1 19.7 183.0 77.2 0.026 1.99 25.8 54.0 10.5 

2 20.4 182.0 78.7 0.025 2.00 32.7 71.0 13.9 

3 24.0 181.0 91.5 0.023 2.12 60.7 120.4 21.2 

4 19.9 176.5 81.2 0.024 1.98 46.9 93.4 18.4 

5 30.2 172.5 73.0 0.026 1.86 35.1 72.3 17.7 

6 22.7 177.5 81.2 0.024 1.99 41.4 100.9 16.4 

7 30.3 179.5 67.5 0.027 1.85 31.1 59.0 16.2 

8 23.1 179.0 63.8 0.028 1.81 16.9 32.1 6.5 

Mean 23.8 178.9 76.8 0.026 1.95 36 75 15 

SD 4.3 3.4 8.7 0.002 0.10 13 28 5 
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Before the active cooling process of the “cooling phase”, the water temperature 

consistently decreased from 34.5 °C to 34.35 °C over 10 minutes, during all 32 

immersions. This will have been due to passive cooling over time (air temperature 

was between 22 °C and 25 °C) as well as the thermal mixing caused by immersion 

of the volunteer. In addition, immersion of the coldest parts of the body (hands and 

feet) and those of the wetsuit and accessories will have played a role in this 

cooling as they would have been colder than the water. Water temperature was 

reproducibly cooled down to 19.5 °C in approximately 20 minutes across all 32 

experiments (Figure 4.7). 

 

 

 

Figure 4.7. Mean (SD) water temperatures during the experiments (n = 32). 
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Thermoregulatory responses 

Figure 4.8 shows the average mean skin temperatures during immersion in the 

different clothing conditions. 

 

 

Figure 4.8. Average mean skin temperatures during immersion in the different 

clothing conditions (n = 8). 

 

Mean skin temperature in the Swim briefs condition closely followed that of water 

temperature, with a mean (SD) skin cooling rate of 0.75 (0.09) °C.min-1, measured 

at the 20th minute of immersion (during the cooling phase). In comparison, the 

mean (SD) skin cooling rate in the Long wetsuit + gloves + boots was 0.41 (0.04) 

°C.min-1. 

Only one volunteer had to be withdrawn from the experiment during the stable 

phase, after a total of 60 minutes of immersion, because his deep body 

temperature reached 35 °C in the Swim briefs only condition. As a general 

observation, the type of wetsuit did not seem to influence the absolute change in 

rectal temperature (Figure 4.9). The data shown on the figure include all 
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volunteers until they terminated the immersion. For example, although S4 decided 

to withdraw from each test relatively early (at minute 36 in Swim briefs, for 

instance); he was included in the mean. 

 

 

Figure 4.9. Mean rectal temperature during the immersion (n = 8 initially). The 

number of volunteers included in the mean decreases towards the end of the 

immersion, and depends on the clothing condition, this explains variations in the 

data within conditions. These numbers are detailed for the Swim briefs condition. 

 

Although only moderate changes in mean rectal temperatures were observed 

throughout the immersions, a consistent pattern was observed across conditions. 

Rectal temperature consistently decreased a little during the first minutes of 

immersion, in water at 34.5 °C. During the early stages of the cooling phase of the 

water, rectal temperatures stopped decreasing and started to increase. Later, 

during the stable phase, a moderate drop was initiated around the minute 40 and 

was observed until the end of immersion. 
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It is worth noting that in the Swim briefs condition, the mean rectal temperature 

displayed in Figure 4.9 has been influenced by one volunteer (S8). Figure 4.10 

shows the rectal temperature for this volunteer in each clothing condition.  

 

Figure 4.10. Rectal temperature during the immersion for volunteer S8. 

 

It appears that when wearing minimal clothing, the rectal temperature of this 

volunteer reached 35 °C in the stable phase of the immersion. This volunteer had 

already conducted the test once in this condition but it was subsequently decided 

to repeat the immersion, as his temperature measured rectally had dropped very 

early and very quickly, raising the possibility for a thermistor slippage, or another 

measurement issue. However, on the second test in Swim briefs (presented here), 

a similar pattern was observed. This could have been due to the morphological 

characteristics of the volunteer (described earlier in Table 4.1). Although the 

impact of such a low body fat content and thin shape are more pronounced in the 

minimal clothing condition, it seems that in the other conditions the cooling rate of 

rectal temperature was relatively important too. In addition, his rectal temperature 

never increased during the immersions, in any of the conditions, which seems to 

be different from the average response observed. 
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Figure 4.11 presents the mean rectal temperature during the immersion when S8 

is not included. 

 

Figure 4.11. Mean rectal temperature during the immersion, excluding volunteer 

S8 (n = 7 initially). The number of volunteers included in the mean decreases 

towards the end of the immersion, and depends on the clothing condition, this 

explains variations in the data within conditions.   
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Changes in rectal temperature during immersions when hands and feet were 

exposed, were compared to those when the extremities were covered (Table 4.2).  

 

Table 4.2. Change in rectal temperature between the 10th and the 70th minute of 

immersion in two different clothing conditions. Volunteer S4 decided to withdraw 

from the tests at the 45th minute of immersion in the Long wetsuit condition, and at 

the 60th minute of immersion in the Long wetsuit with gloves and boots condition. 

He was not included in this analysis but, for information, the values at the 45th 

minute appear in the table. 

 
Change in Tre ( °C) 

 Long wetsuit + gloves + boots Long wetsuit Difference 

S1 -0.35 0.00 -0.35 

S2 -0.20 -0.25 0.05 

S3 0.00 -0.05 0.05 
S4 
S5 

(-0.25) 
0.20 

(-0.25) 
0.35 

(0) 
-0.15 

S6 -0.10 0.20 -0.30 

S7 -0.05 -0.05 0.00 

S8 -0.80 -0.60 -0.20 

 

Rectal temperatures at the end of immersion (at the 70th minute) in both clothing 

conditions were compared to those recorded at minute 10 (after 10 minutes of 

immersion in thermoneutral water temperature). A paired samples t-test was 

conducted and the changes in rectal temperature in the Long wetsuit with gloves 

and boots were not significantly different to those in the Long wetsuit only (P = 

0.086). However, it can be noted that of five volunteers (S1, S2, S5, S6, and S8) 

whose differences between changes in rectal temperature were greater than the 

minimal resolution of the measuring device (0.05 °C), rectal temperature of four of 

them had dropped more or increased less when wearing gloves and boots. For 

example, over the course of the immersion, the deep body temperature of 

volunteer S1 dropped by 0.35 °C in the Long wetsuit with gloves and boots 

whereas in the Long wetsuit only, it was the same at minute 10 and at minute 70. 

To account for the energetic cost of maintaining such deep body temperatures, the 

rate of oxygen consumption was used as an indication of shivering. However, on 
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many occasions, the treatment of the data of oxygen consumption post experiment 

revealed unusual patterns or even no increase at all despite visible shivering.  

Although we suspect technical issues in the measure of this variable, the exact 

reason is unclear. It was thus decided not to conduct any statistical analysis on 

this data set, and to only report values from what was thought to be correctly 

sampled data. Figures 4.12 and 4.13 show the rates of oxygen consumption for 

two volunteers (S1 and S7, respectively), representative of the mean 

morphological characteristics of the sample. 

 

 

Figure 4.12. Rate of oxygen consumption of one volunteer (S1) during immersion 

at rest in cooling water, whilst wearing four different types of protection. The figure 

shows the rolling average over 1.5 minutes: each time point includes the data from 

30 seconds before and 1 minute after. 
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Figure 4.13. Rate of oxygen consumption of one volunteer (S7) during immersion 

at rest in cooling water, whilst wearing four different types of protection. The figure 

shows the rolling average over 1.5 minutes: each time point includes the data from 

30 seconds before and 1 minute after. 

 

We can see that during the cooling phase of the experiment, the rates of oxygen 

consumption increased for both volunteers in most conditions, more so in Swim 

briefs. However, for volunteer S1, this increase seemed to be more pronounced 

with the Long wetsuit condition than with the Long wetsuit with gloves and boots 

condition, and the rate of oxygen consumption at the end of the immersion 

appeared to be higher with the Long wetsuit only than with the same wetsuit with 

gloves and boots (Figure 4.12). For the other volunteer (S7), no major difference 

between these two clothing conditions seems to have occurred during the 

immersion (Figure 4.13). 
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Thermal comfort 

Immersion for 10 minutes in water at 34.5 °C was voted “comfortable” (score = 8) 

or “very comfortable” (score = 10) for the whole body as well as for every region by 

all volunteers, in all clothing conditions (Figure 4.14). 

 

 

Figure 4.14. Mean thermal comfort votes and skin temperatures after 10 minutes 

of immersion at rest in water at 34.5 °C, whilst wearing four different clothing 

ensembles (n = 8). Thermal comfort scores corresponded to the following 

categories: 10 = very comfortable; 8 = comfortable; 6 = just comfortable; 4 = just 

uncomfortable; 2 = uncomfortable; 0 = very uncomfortable. For thermal comfort, 

some mean data are on top of eachother, hence explaining why only some 

conditions appear. 
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The changes in mean skin and rectal temperatures shown in Table 4.3 represent 

the difference between the temperatures just before the water started to cool (i.e. 

the 10th minute of immersion) and some time later when volunteers reported no 

longer being comfortable during the cooling phase. 

 

Table 4.3. Mean (SD) changes in mean skin (∆T�sk) and rectal (∆Tre) temperatures 

between the end of immersion period in 34.5 °C water (minute 10) and the 

moment when loss of overall thermal comfort was reported during the cooling 

phase (n = 8). 

 
Swim briefs 

Short wetsuit 

+ gloves + boots 
Long wetsuit 

Long wetsuit 

+ gloves + boots 

∆��sk ( °C)  -3.03 (1.67)  -2.29 (1.41)  -2.42 (1.44)  -3.20 (2.23) 

∆Tre ( °C)  -0.038 (0.035)  -0.025 (0.027)  -0.025 (0.027)  -0.019 (0.026) 

 

At that point, when overall thermal comfort was lost, mean deep body temperature 

had dropped by less than 0.05 °C in all clothing conditions, which is less than the 

resolution of the measuring device. On the other hand, when volunteers reported 

no longer being comfortable during the cooling phase, mean skin temperature had 

cooled by a minimum of 0.62 °C, and a maximum of 6.69 °C, across all 32 

immersions. The mean (SD) values for each clothing conditions are given in Table 

4.3, and a one way repeated-measures ANOVA revealed no significant differences 

between the clothing conditions (P = 0.309). 
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Loss of overall thermal comfort during the cooling phase 

In all but one test (including pilot studies), the point of loss of comfort was reported 

during the cooling part of the immersion, with one reporting this during the stable 

phase (Figure 4.15). It is worth noting that once thermal comfort was lost, it was 

never re-established. 

 

 

Figure 4.15. Time when volunteers reported no longer being comfortable during 

immersion. 

 

A one-way repeated-measures ANOVA was conducted to compare absolute times 

to loss of overall thermal comfort between the four clothing conditions. The mean 

(SD) time to loss of comfort in the Swim briefs condition (14.1 [1.89] minutes) was 

significantly shorter than that in the Long wetsuit + gloves + boots condition (21.5 

[6.9] minutes), P = 0.028. No other significant difference was found when 

comparing to the Long wetsuit (18.08 [3.6] minutes) or to the Short wetsuit + 

gloves + boots (16.56 [3.17] minutes) conditions. 
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Region(s) responsible for the loss of overall thermal comfort 

During the cooling phase of the immersion, volunteers were also asked to report 

which body part was responsible for the loss of overall thermal comfort. In the 

conditions of the experiment, the lower back was reported to be responsible for 

this loss more frequently than any other region, in all conditions (Figure 4.16). 

 

 

Figure 4.16. Number of times when the different body regions were reported 

responsible for the loss of overall thermal comfort in cooling water, in four clothing 

conditions (n = 8). 

 

To supplement the physical analysis, a correlation analysis was also performed to 

try to identify which body region had the greatest impact on the overall thermal 

comfort during the cooling part of the immersion (including the first 10 minutes of 

the experiment). In the conditions of the study, the highest correlation coefficients 

were found between the overall thermal comfort votes and the thermal comfort 

votes for the lower back, in almost every clothing condition (Table 4.4). 
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Table 4.4. R² values of the best trend lines found between the overall and the local 

thermal comfort votes during the cooling phase of the experiment (n = 8). 

 
Swim 
briefs 

Short wetsuit  
+ gloves + boots 

Long 
wetsuit 

Long wetsuit 
+ gloves + boots 

Across 
conditions 

Back 0.964 0.864 0.875 0.967 0.917 

Chest 0.939 0.836 0.681 0.867 0.831 

Forearm 0.848 0.854 0.827 0.756 0.821 

Thigh 0.854 0.839 0.672 0.717 0.771 

Upper arm 0.906 0.674 0.536 0.906 0.756 

Calf 0.823 0.75 0.72 0.663 0.739 

Hand 0.816 0.565 0.846 0.626 0.713 

Foot 0.825 0.553 0.902 0.534 0.703 

      

 

The table also reveals that across conditions, the lowest coefficients between local 

and overall thermal comfort votes were found for the hands and feet. 

Thermal profiles at loss of thermal comfort 

When volunteers reported no longer being comfortable during the cooling phase, a 

large amount of physiological data was recorded, these included the absolute, 

change and rate of change of local and mean skin temperature, as well as rectal 

temperature and heat flows. To try to refine the mechanism leading to the loss of 

overall thermal comfort during the cooling phase, a statistical analysis was 

conducted using these variables. Figure 4.17 is a summary of absolute 

temperatures and change in temperatures recorded at the point at which thermal 

comfort was lost, for each clothing condition. Detailed thermal profiles for each 

individual can be found in Annex 1. 
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In addition to skin and rectal temperature, skin heat flux were continuously 

collected. Amongst the values recorded when volunteers reported the loss of 

overall thermal comfort during the cooling phase of the experiment, it was decided 

to present those from two experimental conditions: when the whole body surface 

was exposed (Swim briefs), and when it was fully protected (Long wetsuit with 

gloves and boots). These values are presented in Figures 4.18 and 4.19.  

 

Figure 4.18. Mean (SD) heat flux recorded when volunteers reported the loss of 

overall thermal comfort in Swim briefs (n = 8). 

 

Figure 4.19. Mean (SD) heat flux recorded when volunteers reported the loss of 

overall thermal comfort in Long wetsuit with gloves and boots (n = 8). 

A one way repeated-measures ANOVA was conducted and revealed no significant 

difference between body sites. 
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Thermal comfort during the stable phase (water temperature at 19.5 °C) 

As mentioned earlier, once overall thermal comfort was lost (during the cooling 

phase), it was never re-established. However, in four immersions, during the 

stable phase of the experiment, the overall thermal comfort improved by one 

category from its lowest point. For some immersions, this occurred several times, 

and the 45th minute of immersion was the earliest and the most frequent period 

when this happened. Once raised, the score either remained the same until the 

end of the immersion or returned to its lowest value. This occurred with three 

volunteers, once in the Long wetsuit condition, and three times whilst wearing the 

Long wetsuit with gloves and boots. 

Overall thermal comfort votes in the four clothing conditions were also compared 

during the stable phase, that is after prolonged immersion in 19.5 °C, as described 

below. Figure 4.20 illustrates the results. 

 

Figure 4.20. Mean (SD) overall thermal comfort votes of volunteers after several 

minutes of immersion at rest in 19.5 °C water whilst wearing different clothing 

assemblies (* P < 0.05, n = 7). 

 

The scores reported at the 35th, 40th, and 45th minute of immersion (corresponding 

to 5, 10, and 15 minutes of immersion in 19.5 °C water, during the stable phase) 
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were computed to produce an average overall thermal comfort vote. To be able to 

run the analysis on a consistent set of data, one volunteer was not included in the 

calculations (S4), as he terminated his immersion in two of the four conditions. A 

paired-samples t-test was conducted and the mean (SD) comfort vote after 

prolonged immersion in 19.5 °C water in the Long wetsuit + gloves + boots 

condition (2.28 [1.71]) was significantly higher than that in the Long wetsuit 

condition (1.62 [1.38]), P = 0.038. The same analysis was conducted to compare 

the Long wetsuit + gloves + boots condition to the Short wetsuit + gloves + boots 

condition. The thermal comfort votes in the latter (2.09 [1.65]) were not 

significantly different from those reported in the former, P = 0.457. 

Local thermal sensitivity was investigated by comparing the thermal comfort votes 

obtained for different body regions when exposed to the same temperatures. The 

votes were reported at the 30th minute of immersion, at the beginning of the stable 

phase (Table 4.5). 

 

Table 4.5. Local thermal comfort votes reported at the 30th minute of immersion, at 

the beginning of the stable phase (water temperature was 19.5 °C), in three 

different clothing conditions. 

 
Swim briefs 

 
Short wetsuit 

+ gloves + boots  Long wetsuit 

 
Hand Forearm Calf Foot 

 
Hand Forearm Calf Foot 

 
Hand Forearm Calf Foot 

S1 2 2 2 2 
 

6 4 4 6 
 

2 4 4 2 

S2 0 0 0 0 
 

0 0 0 0 
 

0 0 0 0 

S3 2 2 4 4 
 

6 4 6 8 
 

4 4 6 4 

S4 0 0 2 0 
 

4 0 0 4 
 

0 4 4 0 

S5 0 0 0 0 
 

4 2 2 8 
 

4 4 4 0 

S6 0 0 0 0 
 

2 0 0 2 
 

0 2 0 0 

S7 2 4 6 2 
 

6 4 6 6 
 

4 6 6 2 

S8 2 2 2 2 
 

6 4 4 6 
 

2 6 4 4 

Sum 8 10 16 10 
 

34 18 22 40 
 

16 30 28 12 

Mean 1.00 1.25 2.00 1.25 
 

4.25 2.25 2.75 5.00 
 

2.00 3.75 3.50 1.50 

SD 1.07 1.49 2.14 1.49 
 

2.25 1.98 2.60 2.83 
 

1.85 1.98 2.33 1.77 

 

For the same local skin temperatures (approximately 21 °C), the sum of the scores 

for the calves and forearms was relatively higher than those for hands and feet 

when the comparison was made within the Swim briefs condition. The comparison 

of local thermal comfort votes for these regions between the Long wetsuit and the 
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Short wetsuit + gloves + boots conditions led to the same observation. In effect, 

forearms and calves felt relatively more comfortable than hands and feet at the 

same skin temperature. 

Also, when mean skin temperature was higher, local thermal comfort votes were 

higher despite similar local skin temperatures. The average (SD) mean skin 

temperatures were 21.3 (0.4) °C, 26.9 (0.3) °C and 27.7 (0.3) °C for the Swim 

briefs, Short wetsuit + gloves + boots and Long wetsuit conditions respectively, 

whilst, for example, the sum of each volunteer’s local thermal comfort votes for the 

hand equalled 8 in the Swim briefs, but 16 in the Long wetsuit condition. 

Discussion and Conclusions 

In the present study, volunteers were immersed at rest in a comfortable water 

temperature, this was then cooled over 20 minutes to just below 20 °C and 

maintained at that level for further investigation of the perceptual and thermal 

responses. The primary aim of the study was to explore the relative importance of 

different body regions for thermal comfort during resting immersions. Different 

combinations of wetsuits and accessories were used to create various levels of 

protection across the body. These clothing conditions were compared to each 

other for their capacity to maintain thermal comfort as well as deep body 

temperature. Only limited research has investigated the relative importance of 

different body regions for thermal comfort during the early stages of immersion in 

cool water. The extensive work conducted in air provides, however, some 

background to discuss the present results. 

Loss of thermal comfort during the cooling phase 

Most volunteers clearly understood the way thermal comfort had to be reported. 

However, during the cooling phase and on two occasions, some reported not 

being comfortable anymore although they rated their overall thermal comfort as 

being “just comfortable”, instead of “just uncomfortable” as one would expect. 

These volunteers later argued that they were no longer “comfortable”, because 

they rated themselves as being “just comfortable”, hence choosing the categorical 

point of view rather than the conceptual state of mind, comfort vs. discomfort. 
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The importance of skin temperatures. In situations where deep body temperature 

remains stable, the loss of thermal comfort can be attributed to the changes in skin 

temperatures only. This result is important in that during the early stages of 

immersion, the cutaneous input will be the major determinant of the subjective and 

physiological responses. Therefore, in similar situations, the insulative properties 

of the clothing should not be considered for its capacity to maintain deep body 

temperature but rather to avoid a sudden drop in skin temperature. Since the 

overall thermal comfort (and thus the motivation to stay in the water) will be 

affected by cutaneous input a long time before deep body temperature changes, it 

is crucial to try to maintain the skin temperatures within a comfortable range for as 

long as possible. In that regard, a large amount of physiological data was recorded 

at the point where overall thermal comfort was lost.  

The lower back and the loss of overall thermal comfort. An important finding is that 

the lower back was the region most often reported responsible for the loss of 

overall thermal comfort during the cooling phase. At that point though, skin 

temperatures on the lower back were not different from those on other skin sites. 

Therefore, this result cannot be attributed to the fact that the lower back was 

physically the coldest region. One could argue that for a given skin temperature, 

the spatial summation of the cold input from the back is greater than that from 

regions with smaller surface areas. However, it has been observed that the 

magnitude estimation of cold when a 30 °C stimulus was applied to the lower back 

was relatively similar to that of the chest (Stevens, 1979). However, in the present 

study, even when compared to the chest (with similar surface area exposed, and 

similar temperatures) the impact of the lower back on overall thermal comfort was 

still greater. Also, heat flux on this skin site was not higher than elsewhere on the 

body in the same conditions. Finally, this result would suggest that the distribution 

of cold thermoreceptors on the lower back is higher than on other regions. 

However, previous studies have attributed higher density of cold fibres to other 

regions, such as the glabrous skin of the fingers and palm of the hand (Johnson et 

al., 1973). Taken together, these observations suggest that in the circumstances 

of our experiment, the lower back had a lower tolerance to the decrease of skin 

temperature on immersion. The loss of overall thermal comfort can be attributed to 

a particular region and the main hypothesis is accepted (“the moment when 
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people report being no longer comfortable will be due to a particular region of the 

body”). Nevertheless, hands, feet and chest were not involved in this initial onset 

of discomfort and we have to reject the specific hypotheses (“we expect the hands, 

the feet and the torso to be involved first”). 

In the present study, the chest was only reported as responsible for the loss of 

thermal comfort during the cooling phase a few times. This is different from what 

previous studies suggested (Keatinge and Nadel, 1965; Burke and Mekjavić, 

1991; Ouzzahra et al., 2012). In the study from Nakamura et al. (2008), it was 

shown that cooling the chest in a relatively cold environment did not increase the 

volunteers’ overall thermal discomfort more than cooling other body regions. 

However, in their experiment the back was not stimulated. If we refer to the 

relationships between overall and local thermal comfort votes during immersions in 

the present study, it was found that across conditions, the second highest 

coefficients were found for the chest (after the lower back). Hence, the fact that the 

chest was not the initial source of discomfort during the cooling phase may have 

been due to the large influence of the lower back masking any input from other 

regions. 

The finding that one particular region can be held responsible for the general 

perceptual response is in good agreement with previous reports from Zhang 

(2003) and Arens et al., (2006), where it was noticed that the overall thermal 

comfort of volunteers exposed to cool and cold environments followed the most 

uncomfortable body parts. However, in these investigations thermal comfort for the 

back was different from overall thermal comfort, and it was concluded that this 

region was not the major source of discomfort in the cold. In the cold air 

environment of the studies from Zhang and Arens, the skin temperature on the 

lower back (32.4 °C) was at a relatively higher temperature than at other regions, 

such as the extremities for example (23.1 °C and 21.4 °C for hands and feet 

respectively). However, cool (or cold) air and cool (or cold) water are two very 

different environments. We thus suspect that in cool air the stimulation of the back 

was not sufficient, in comparison to that of other body regions, to make it influence 

the overall thermal comfort. This may help explain the discrepancies with our 

findings. Indeed, Stevens et al. (1979) noticed that cooling the skin of the lower 
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back only (whilst others regions remained at thermoneutral temperature) from 34.4 

°C to 30 °C, led to a greater magnitude of cold estimation than when the same 

stimulus was applied to other body parts such as the chest, the abdomen, the 

upper arm, the calf, the thigh or the forehead. Additionally, our results somewhat 

agree with recent reports from Ouzzahra et al. (2012) who found relatively higher 

sensitivity for the trunk region compared to the limbs when applying a 20 °C 

thermal probe to the skin. 

The extremities and the loss of overall thermal comfort. To assess the impact of 

the lower limbs on overall thermal comfort during immersion in cooling water 

(>19.5 °C), we examined the role of hands and feet, and calves and forearms on 

the subjective responses in our water-based scenario. Another major finding is 

that protecting the hands and feet did not help maintain overall thermal comfort for 

longer; that is there was no significant delay in reporting the loss of thermal 

comfort during the cooling phase when gloves and boots were added to the 

wetsuit. Furthermore, the relationships between overall thermal comfort and local 

thermal comfort for these regions were relatively weak. We also noted that in 

cooling water, protecting the hands and feet or protecting the forearms and calves 

had the same effect on the time to loss of overall thermal comfort. In the 

experimental conditions of the present study, this event did not depend on the 

body region protected and we cannot accept our experimental hypothesis 

(“wearing a short wetsuit with gloves and boots will help maintain thermal comfort 

for longer than wearing a long wetsuit without gloves or boots will”). 

Although a little surprising, our finding is in good agreement with previous 

conclusions from Wang et al., 2007. In a thermoneutral air environment, these 

authors supplied cold air (15 °C) to the hand and explored the thermal comfort 

responses of volunteers. In their study, despite a fall in skin temperature from 35 

°C to 24 °C on the hand and from 35 °C to 16.7 °C on the finger, volunteers’ 

overall thermal comfort did not seem to be affected. 

In cool and cold air environments (as defined by the volunteers’ thermal sensation 

scores), Zhang (2003) found that hands and feet were rated colder and more 

uncomfortable than other regions, and overall, the extremities were identified as 

the major source of thermal discomfort. However, this work was undertaken in air, 
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and with minimal clothing (leotard), which might explain why the results differ from 

ours. When exposed to cool or cold air environments, skin temperature across the 

body will be non-uniform: warm regions will be found around the trunk and head 

areas whereas the distal parts of the limbs will be colder. Under uncomfortably 

cold air conditions, and due to higher vasoconstrictive responses (Freeman, 

1935), hands and feet will demonstrate relatively low skin temperatures compared 

to the back, or the chest. Indeed, as noted earlier in our discussion, in the studies 

from Zhang (2003) and Arens et al. (2006), skin temperatures on these regions 

were much colder than that on other body parts. 

On the contrary, in water, the skin temperature distribution of a naked man will be 

uniform, with negligible differences between the trunk and the extremities. This 

implies that when the water temperature reaches levels at which hands and feet 

have been shown to be the main source of discomfort in air, skin temperatures on 

other body parts (such as lower back for example) might already be well below 

local cold thresholds. In our experiment, relatively low correlation coefficients were 

found between the overall and the local thermal comfort for hands and feet. This 

supports the idea that in these conditions (during the cooling phase, where water 

temperature was above 19.5 °C), the extremities are not responsible for the initial 

loss of thermal comfort. From these results, it was speculated that the same 

stimulus (i.e. same change in skin temperature, over the same period of time) 

applied to all body regions (like seen during immersions) will have different 

impacts on the overall thermal comfort depending on the adapting temperatures of 

each body part in thermoneutral air. This point was further investigated in Study 

Three (Chapter Six), and although the data were obtained from volunteers who 

had taken part in Study Two, it is likely that the general conclusion also apply to 

the present study. 

In an attempt to refine the determinants of thermal comfort, a series of correlations 

was conducted between the time to loss of comfort during the cooling phase and 

each physiological variable recorded at that point but no more conclusions could 

be drawn from the results as, in the conditions of the experiment, most 

physiological variables were interrelated and this is known to be a limiting factor to 

such analysis. 
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Thermal comfort during the stable phase (water temperature at 19.5 °C) 

While hands and feet did not seem to be involved in the initial loss of thermal 

comfort (during the cooling phase), in relatively colder conditions covering the 

extremities helped to reduce the intensity of discomfort. After prolonged immersion 

in water at 19.5 °C (at minute 45), skin temperatures on the exposed hands and 

feet were lower than when they were protected, by an average of 7.2 °C and 5.4 

°C, respectively. At that point, hands and feet skin temperature were close to that 

of the water. Accordingly, when Zhang (2003) reported a relatively large influence 

of hands and feet on overall thermal comfort, local temperatures were 

approximately 23 °C on the back of the hand, and 21 °C on the fingers and feet. 

During the cold phase of our study, local skin temperatures of around 21 °C on 

these regions may have constituted a more “specific” stimulus than that in the 

warmer temperature of the cooling phase. Although this was uncertain at that 

stage, it seemed reasonable to suggest that in our study, the cold sensitivity of the 

extremities was greater at this lower range of temperature (below 20 °C), 

compared to that in the cooling phase, because unprotected hands and feet will 

have been colder than what they are “naturally” in air. 

Another observation was made concerning the impact of the cold stimulus on local 

thermal comfort. It was noticed that despite similar skin temperatures 

(approximately 21 °C), such comfort appeared to be lower for hands and feet than 

for forearms and calves. This might reflect the relatively lower cold receptor 

density on the lower legs and arms, and the fact that cooling may have affected 

deeper tissues in the hands and feet than it did in the more massive regions. 

Intense vasoconstriction in the extremities may have caused ischaemic pain, as it 

has been observed that minimal blood flow and maximum pain may occur at the 

same time (Wolf and Hardy 1941), and that “deep” cold pain could be observed at 

temperatures approximating 20 °C (Fruhstorfer and Lindblom, 1982). Although this 

perceptual response was not assessed in our experiment, it may have added to 

the overall discomfort. 

Moreover, it is worth noting that the skin temperatures of the other body regions, 

under the wetsuit, were not affected by the thermal status of the extremities. For 

instance, colder hands and feet in the Long wetsuit only condition did not influence 
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the skin temperature on forearms and calves. Therefore, the skin temperature 

difference was rather large and highly localized on the extremities. It is well known 

that the extremities provide information to the somatosensory cortex to a relatively 

larger extent than other regions (Penfield and Rasmussen, 1952). In addition to 

the relatively high cold sensitivity observed when compared to other regions, this 

scenario might have enhanced the importance that hands and feet had toward 

general thermal comfort.  

The impact of the extremities on deep body temperature 

To further investigate the thermal protection provided by the clothing accessories, 

rectal temperatures at the end of the immersion were compared to those recorded 

after 10 minutes in thermoneutral temperature, with or without gloves and boots. In 

our study, the mean change in rectal temperature in the Long wetsuit only was not 

significantly different from that in the same wetsuit with gloves and boots; we 

cannot accept the hypothesis that protecting the extremities would facilitate 

cooling of deep body temperature. 

Choi et al. (1988) found that wearing gloves in cold water reduced the efficiency of 

the thermoregulatory mechanisms of wetsuited divers immersed at rest in water at 

17.3 °C, leading to greater heat loss than when the hands were directly exposed. 

Choi et al. (1988) suggested that the attenuation of cold-induced vasoconstriction 

by protecting the hands led to smaller overall tissue insulation. This is in 

contradiction with our findings, although we observed on some occasions that 

deep body temperature had dropped more in the Long wetsuit with gloves and 

boots condition than in the same condition without gloves and boots. The 

mechanism behind these responses is unclear.  

Although peripheral blow flow was not measured in our experiment, it is generally 

accepted that the extremities demonstrate high vasoconstrictive response under 

cold conditions (Freeman, 1935). In addition, it is likely that general 

vasoconstriction had reached a maximum at that point, as it was initiated not long 

before the beginning of the cooling phase, according to the patterns of rectal 

temperature (Figure 4.9).  Also, at the 45th minute of immersion, mean skin 

temperature had reached approximately 27 °C in the full wetsuit condition, and 

was still cooling. This temperature is below the lower end of critical water 
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temperature (33 °C), where body insulation is assumed to be maximised due to 

limited skin and muscle perfusion (Rennie et al., 1962). It was later observed that 

this maximum tissue insulation was achieved in 30 °C water, with further cooling 

having little effect on the superficial insulation (Veicsteinas et al., 1982). 

Altogether, it can be speculated that in the cold phase of our immersion, where 

water temperature was below 20 °C, and mean skin temperature of wetsuited 

volunteers was below 27 °C, peripheral blood flow was reduced to minimum 

values. Therefore, it is likely that vasoconstriction in the cold phase of our 

experiment was maximal in both conditions, that is with or without gloves and 

boots. 

Hence, another mechanism may be responsible for the difference in the rectal 

temperature change observed on some occasions between the two conditions. 

The protection provided by the gloves and boots may have, for example, limited 

the cold input from the hands and the feet, so that the thermoregulatory responses 

such as the shivering thermogenesis were reduced. However, in our study no 

clear evidence supports such a proposition, as this was only observed for one 

volunteer whose rate of oxygen uptake was greater without gloves and boots; no 

conclusion can be made as to what influenced deep body temperature cooling in 

such cases. 

To conclude, in the conditions of the experiment the lower back seemed to be an 

important determinant of thermal comfort in water. Therefore, in similar situations, 

protecting this region should help maintain comfort for longer. In cooling water 

(above 20 °C), protecting hands and feet did not help maintain thermal comfort but 

reduced discomfort in colder conditions (below 20 °C). It is concluded that at rest, 

in water below 20 °C, hands and feet should be protected to avoid increasing 

overall thermal discomfort. Aside from being helpful to create a data base for a 

predictive model of perceptual responses on immersion, this first experiment 

provided the bases for further exploration of what determines thermal comfort in 

water. Nonetheless, it remained unclear whether the results would still hold in 

another common scenario, during a water activity, and when the head was 

exposed to the environmental challenges. This was investigated in the second 

study. 
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Chapter 5 

 

Study 2: Thermal responses of humans exercising in cool water 

whilst wearing different levels of thermal protection 

 

Introduction  
 

In Study One, during the early stages of immersion in cooling water at rest, the 

back was an important determinant of thermal comfort, in four common water 

clothing ensembles. In such conditions (water temperature above 20 °C), 

protecting the hands and feet did not seem to delay the loss of thermal comfort, 

but in colder situations covering the extremities was shown to be advantageous, 

as discomfort was reduced. Nevertheless, not only did the results from Study One 

raise some intriguing questions that needed further investigation, but it seemed 

necessary to test our statements in the common situation of a water-based 

activity, rather than during rest. This second experiment focused on the overall 

thermal comfort of humans exercising in water with different levels of protective 

clothing; in this study, all body regions (excluding the face) were exposed. 

Thermoregulatory responses and cooling profiles were also examined. 

Cotter et al., (1996) reported that in warm conditions the hands and feet had 

limited impact on general thermal comfort despite having strong feedback 

regarding local perceptions. Moreover, skin temperature and corresponding overall 

thermal comfort of the upper-extremities were studied in various chamber 

conditions (from 31 °C to 17 °C air), whilst cool air (15 °C) was supplied to the 

hand (Wang et al., 2007). In 28.4 °C air, despite a large fall in skin temperature, 

local cooling of this body part did not seem to negatively affect the overall thermal 

comfort of the volunteers, who remained comfortable. 

In colder situations, the extremities have often been regarded as important regions 

for thermal sensation and thermal comfort. It was also shown that these areas 

could be responsible for overall thermal discomfort in cool and cold air 

environments (Zhang, 2003). The skin temperature on the hands and feet of 
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volunteers wearing immersion suits in ice-cold water rapidly reached 

uncomfortable and painful levels (Reinertsen, 2000). Adding extra insulation to the 

suits around the extremities allowed for the temperature in these areas to be 

maintained above 18 °C, which improved thermal sensation and comfort. 

Therefore, and in the light of our previous findings, it seemed reasonable to 

suggest that in cold water, protecting the hands and feet would help maintain 

thermal comfort longer than when protecting the calves and forearms, which have 

not been reported to be critical regions regarding perceptual responses to cold. 

In most aquatic sports, it may be inevitable that the head region will be exposed to 

the water. To try to improve our understanding of the determinants of thermal 

comfort during water-based activities, it was decided to explore the relative 

importance of the head for perceptual responses. The cold sensitivity of the 

forehead has been shown to be much greater than that of other areas, whereas, 

for example, the lower legs were relatively insensitive (Crawshaw et al., 1975). 

Therefore, we expected in the present study that protecting the head from the 

water would help maintain thermal comfort.  

In certain conditions (arms exercising, water below 25 °C), exercise in water is 

likely to decrease deep body temperature faster than when remaining at rest 

(Keatinge, 1961). Heat exchanges from the body to the environment are likely to 

be greater because exercise will increase blood flow to the active muscles and 

consequently reduce tissue insulation (Rennie et al., 1980). Also, when exercising 

the thin water boundary layer at the surface of the body will be constantly 

disrupted, reducing the modest insulation provided; finally, a greater surface area 

may be exposed. Consequently, as opposed to the first study, conducted at rest, 

the exercise in the present experiment was expected to enhance the differences 

between the clothing conditions in term of their capacity to maintain deep body 

temperature. 

Previous work suggested that wearing gloves at rest in water at 17.3 °C, or 

wearing gloves and boots when exercising in water at 13 °C could impair the 

maintenance of deep body temperature of wet-suited divers by increasing the total 

body heat loss (Choi et al., 1988; Park et al., 1992). In both studies, it was 

speculated that the reduced cold input from the extremities attenuated the 
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vasoconstrictor response. In the present experiment, exercising was thought likely 

to increase muscle perfusion in the limbs, and the relatively cool water not be a 

strong enough stimulus to induce maximum peripheral vasoconstriction. In these 

conditions, and only if not already vasoconstricted, it was thought that protecting 

the extremities would help maintain deep body temperature by reducing heat loss 

to the water. 

In addition, the thermal advantages provided by the protection of the head whilst 

exercising in water have never been investigated. Vasomotor thermal responses 

of the skin of the head are known to be quite limited (Hertzman and Roth, 1942; 

Froese and Burton, 1957), and scalp skin blood flow relatively high. This raises the 

possibility that a considerable amount of heat could remain constantly lost through 

the head, regardless of the body thermal state. Greater deep body temperature 

cooling was thus expected when the head was not protected. 

 

Aims and Hypotheses 

The aim was to investigate the determinants of thermal comfort during water-

based activities. Volunteers were immersed and then exercised in initially warm, 

but cooling water to assess the impact of different regional protection on overall 

thermal comfort; thermoregulatory responses were also examined. The conditions 

tested were: 1) Swim briefs only, 2) Short wetsuit with gloves and boots, 3) Long 

wetsuit only (full coverage wetsuit, to the wrists and ankles), 4) Long wetsuit with 

gloves and boots, and 5) Long wetsuit with gloves, boots and a hood. 

Hypotheses 

We proposed the following experimental hypothesis: 

The moment when people report no longer being comfortable and the rate of 

cooling of rectal temperature will be different across all conditions. 
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We also proposed the following specific experimental hypotheses: 

1. Any level of protection provided by wetsuits and accessories (such as gloves, 

boots and hood) will help maintain thermal comfort longer than Swim briefs 

only; the maintenance of comfort will be dependent upon the area protected. 

2. Protecting the head will help maintain thermal comfort. 

3. Protecting the hands and feet will help maintain thermal comfort longer than 

when protecting the calves and forearms, although the surface area covered 

will be slightly different. 

4. Protecting the head, or the hands and feet will help maintain a higher rectal 

temperature. 

 

Methods 

The methods used in the present study were similar to that in Study One in many 

regards. Hence, it was decided to describe here only the differences between the 

two studies to emphasize what was specific to the second study. 

Participants 

An attempt was made to recruit the volunteers who participated in the first 

experiment. The aim was to provide an opportunity to make within-subject 

comparisons between the two studies. Of eight healthy male volunteers who 

completed the study, four had taken part in the first experiment. 

Procedure 

The experiment was a repeated-measures design in which the eight volunteers 

completed five immersions (on five separate days), each in the different clothing 

provided by Tribord (Oxylane group): 1) Swim briefs only, 2) Short wetsuit 

(stopped above knees and elbows level) with gloves and boots, 3) Long wetsuit 

only (full coverage wetsuit, to the wrists and ankles), 4) Long wetsuit with gloves 

and boots, and 5) Long wetsuit with gloves, boots, and a hood. These are 

described in the procedure section of the first study (Chapter 4). Figure 5.1 shows 

a volunteer during the experiment, in clothing condition 2.  
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Figure 5.1. Position of the volunteer immersed during the experiment, undertaking 

leg-arm exercise. The clothing condition presented is the Short wetsuit with gloves 

and boots. All the body is immersed, apart from the head which is continuously 

sprayed with water (excluding the face).  

 

The experiment consisted of five head-out immersions in the same water tank 

used for Study One. The immersion facility was modified to include a plastic chair 

in which volunteers adopted a supine reclining position. The chair was modified to 

allow water to circulate and affect all body regions so that the front and back sides 

were exposed similarly. The chair was also re-designed to provide the sturdiness 

and stability necessary to conduct the physical activity described later. Throughout 

the immersion and in all clothing conditions, the top of the head was continuously 

sprayed with water pumped from the immersion tank, so that it was at the same 

temperature. This affected most of the head, but it was decided not to spray the 

face, as preliminary tests revealed that continuous spraying of the face was rapidly 

unpleasant for non-thermal reasons. In addition, exposing this area was not easily 

compatible with the use of the respiratory face mask, utilized for the collection of 

expired gases. Finally, it was shown recently that cooling the face with a 22 °C 

water-perfused stimulator in a cool environment (21 °C air) did not have any major 

impact on overall thermal comfort (Nakamura et al., 2008). It was thus decided not 
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to investigate the effects of face exposure. Figure 5.2 shows a close view to the 

spraying system utilized. When being used, the hood covered the neck, the 

cheeks, the scalp and the forehead to the eyebrows. 

 

 

Figure 5.2. Spraying system used during the immersions. The visor prevented the 

face from being sprayed. The clothing condition presented is the full coverage 

wetsuit: Long wetsuit with gloves, boots, and hood. 

 

Figure 5.3 illustrates the different phases of the immersion. 

 

Figure 5.3. Temperature profile of the study. The point of loss of thermal comfort 

on the slope is given as an example. 
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The temperature of the water was initially 34.5 °C, and was maintained at that 

level for 10 minutes. After five, and nine minutes of immersion volunteers rated 

their overall and local (chest, lower back, upper arm, forearm, hand, thigh, calf, 

foot, and forehead) thermal comfort. At the 10th minute of immersion, the water 

temperature was decreased over approximately 20 minutes, to 19.5 °C. 

Throughout this chapter, this period will be referred to as the “cooling phase”, 

during which water was warmer than 19.5 °C. Unless stated otherwise, this 

temperature was considered to be “cool”. During this decrease, volunteers 

reported when they no longer felt comfortable (“just uncomfortable” on the 

categorical scale in front of them) and which part of their body they thought this 

was due to. In this chapter, this event will be referred to as “the loss of thermal 

comfort during the cooling phase”. From this moment until the end of the cooling 

phase (that is, the 30th minute of immersion), overall and local thermal comfort 

were rated every three minutes. It was also decided to complement this by asking 

volunteers to report when they felt “uncomfortable”.  

After the water had been cooled to 19.5 °C, it was maintained at that point for a 

maximum of 45 minutes. Throughout this chapter, this 45-minutes period will be 

referred to as the “stable phase”, during which water was approximately 19.5 °C, 

and in any case colder than 20 °C. Unless stated otherwise, this temperature was 

considered as “cold”. During this phase, whole body and regional thermal comfort 

were assessed every five minutes. Along with thermal comfort, physiological 

responses (skin & rectal temperatures and rate of oxygen consumption) were 

recorded throughout the immersion. 

Physical activity 

In this study, from the 6th to the last minute of immersion, volunteers continuously 

performed light physical activity using arms and legs, as would be seen in most 

water-sports. Whole body exercise was achieved by pulling weights with both 

arms and simultaneously pushing weights with one leg or the other, at a defined 

pace of 50 movements per minute, controlled by a metronome. This corresponded 

to 25 pulling movements with the arms (and 25 pushing movements with the legs), 

each of them followed by “returning-into-the-start-position” movements. This 

second part of the movement was also important as it involved controlling the 
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weights to the neutral position. The amount of work was standardized across 

immersions and volunteers by setting the amplitude of the movements and the 

mass of the weights pulled. The exercise intensity was set during pilot tests so that 

the measured rate of oxygen consumption was around 0.5 L.min-1. Surfing or body 

boarding is estimated at 0.75 L.min-1, and “swimming in treading water with 

moderate effort” is estimated at 1 L.min-1 for a 70 kg person (Compendium of 

Physical Activities, 2000). In each experiment, volunteers started to exercise in 

thermoneutral water (34.5 °C) so a baseline metabolic rate associated with the 

exercise could be established and any increase in the rate of oxygen consumption 

seen later in colder conditions could be attributed to shivering. 

Measurements 

Local skin temperatures were measured by thermistors attached to selected skin 

sites, on the right side of the body, using the anatomical position (dorsum of the 

hand, posterior side of forearm, outer side of upper arm, upper chest, lower back, 

anterior side of thigh, calf, dorsal side of foot, and forehead). Skin heat fluxes were 

measured by heat flux sensors on the same sites. Deep body temperature was 

measured rectally. Oxygen consumption was determined from the analysis of 

expired gases that were sampled continuously, using a facemask. Throughout the 

immersion volunteers orally reported their overall and local thermal comfort. 

Analyses 

Before any analysis was conducted, it was confirmed that the data met the 

requirements and assumptions of each statistical test used. Times of loss of 

comfort and physiological data sets were compared using a one-way analysis of 

variance and further tested using the Bonferroni post-hoc test. When necessary, to 

compare two clothing conditions for example, paired-samples t-tests were 

conducted. The alpha level was set at 0.05. 
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Results 

General observations 

Eight male volunteers were recruited for this second study. They all completed the 

five immersions. All participants were adults under 32 years old (Table 5.1), self-

reported “moderately fit” to “very fit” on the Exercise and Health History 

Questionnaire of the University of Portsmouth (October 2010 version). 

 

Table 5.1: Characteristics of the volunteers. Four volunteers also took part in the 

first study: S2 was S5; S3 was S2; S5 was S7 and S6 was S8 in Study One. 

Volunteer 
# 

Age 
(Year) 

Height 
(cm) 

Mass 
(kg) 

BSA/m 
(m²/kg) 

BSA 
(m²) 

Ʃ 4 Skin 
Folds (mm) 

Ʃ 8 Skin 
Folds (mm) 

BF % 

1 20.5 166.4 53.9 0.029 1.59 24.9 49.9 10.5 

2 31.1 174.0 74.8 0.025 1.89 36.5 75.9 17.7 

3 21.3 183.0 80.8 0.025 2.03 43.8 82.4 17.1 

4 24.2 178.5 57.5 0.030 1.72 19.8 40.3 8.1 

5 31.1 179.5 68.3 0.027 1.86 29.0 57.4 16.2 

6 23.9 178.0 64.6 0.028 1.81 17.7 34.1 6.5 

7 21.3 176.5 66.8 0.027 1.82 22.7 47.2 9.3 

8 27.1 183.5 84.0 0.025 2.07 38.1 77.8 15.6 

Mean 25.1 177.4 68.8 0.027 1.85 29 58 13 

SD 4.3 5.4 10.6 0.002 0.16 9 18 4 

 

The water temperature profile was very similar to that in the first study (Figure 5.4). 

 

Figure 5.4. Mean (SD) water temperature during the experiments (n = 40). 
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Thermoregulatory responses 

Figure 5.5 shows the complete mean skin temperature profiles during the 

immersions. 

 

 

Figure 5.5. Mean skin temperature of volunteers exercising in water with different 

levels of protection. The number of volunteers decreases with time and varies 

depending on the clothing condition (n = 8 for all conditions up to the 50th minute). 

 

Figure 5.6 presents the rectal temperatures throughout the immersions. It is worth 

mentioning that in the Swim briefs condition, the mean rectal temperature 

displayed on Figure 5.6 has been influenced by that of two volunteers (S4 and 

S7). Figure 5.7 shows the mean rectal temperature when these volunteers are not 

included in any condition. 
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Figure 5.6. Rectal temperature of volunteers exercising in water with different 

levels of protection. The number of volunteers decreases along time and varies 

depending on the clothing condition (n = 8 up to the 50th minute). 

 

 

Figure 5.7. Rectal temperature of volunteers exercising in water with different 

levels of protection, when S4 and S7 are not included. The number of volunteers 

decreases along time and varies depending on the clothing condition (n = 6 up to 

the 50th minute). 

The analysis was conducted on the differences between the 10th minute of 

immersion (the exercise would have been conducted for four minutes in 
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thermoneutral water), and the 50th minute of immersion (that is, after 20 minutes 

into the stable phase, in 19.5 °C water) to be able to include a maximum number 

of volunteers. Unlike all other volunteers, the rate of oxygen consumption 

measured for S3 was lower at the 50th minute, in cold water, than at the 10th 

minute in 34.5 °C water. As this strongly suggests an error in the measure, this 

volunteer was not included in the calculations. However, all individual figures are 

displayed in Table 5.2. 

 

Table 5.2. Individual and mean (SD) change in rectal temperature (∆Tre) and in 

rate of oxygen consumption (∆V�O2) from the 10th to the 50th minute of immersion 

(n = 7). 

 
Swim briefs 

Short wetsuit 
+ gloves + boots 

Long wetsuit 
Long wetsuit 

+ gloves + boots 
Long wetsuit 

+ gloves + boots + hood 

Volunteer ∆Tre 
( °C) 

∆V�O2 

(L.min-1) 
∆Tre 
( °C) 

∆V�O2 

(L.min-1) 
∆Tre 
( °C) 

∆V�O2 

(L.min-1) 
∆Tre 
( °C) 

∆V�O2 

(L.min-1) 
∆Tre 
 ( °C) 

∆V�O2  

(L.min-1) 

S1 -0.80 0.85 0.30 0.32 0.45 0.29 0.20 0.42 0.10 0.08 

S2 0.45 0.70 0.55 0.29 0.45 0.15 0.80 0.35 0.40 0.06 

S3 (-0.50) (0.05) (-0.30) (-0.15) (-0.1) (-0.29) (0.00) (-0.20) (0.20) (-0.10) 

S4 -1.60 0.63 0.10 0.40 0.10 0.41 0.10 0.29 0.05 0.15 

S5 -0.55 0.66 0.10 0.37 0.15 0.07 0.25 0.19 0.15 0.05 

S6 -1.75 0.40 -0.35 0.00 -0.40 -0.07 -0.60 0.25 -0.60 -0.12 

S7 -1.55 0.59 0.10 0.18 0.25 0.18 0.10 0.17 0.25 0.18 

S8 -0.30 0.31 0.25 0.17 0.15 0.18 0.00 0.11 0.00 0.14 

Mean -0.87 0.59 0.15* 0.25** 0.16 0.17** 0.12* 0.25** 0.05 0.08** 

SD 0.81 0.18 0.27 0.14 0.29 0.15 0.41 0.11 0.32 0.10 

Note: * represent significant differences when compared to the Swim briefs condition (* P < 0.05; ** 
P < 0.01). 
 

A one-way repeated-measures ANOVA showed that the mean (SD) change in 

rectal temperature in Swim briefs (-0.87 [0.3] °C) was significantly different from 

that in Short wetsuit + gloves + boots (0.15 [0.1] °C) or Long wetsuit + gloves + 

boots (0.12 [0.15] °C), P = 0.043 and P = 0.034, respectively (n = 7). The same 

analysis revealed that mean (SD) increase in the rate of oxygen consumption was 

significantly greater in Swim briefs (0.59 [0.18] L.min-1) than in any other 

conditions: Short wetsuit + gloves + boots (0.25 [0.14] L.min-1), P = 0.005; Long 

wetsuit (0.17 [0.15] L.min-1), P = 0.008; Long wetsuit + gloves + boots (0.25 [0.11] 

L.min-1), P = 0.003, and Long wetsuit + gloves + boots (0.07 [0.1] L.min-1), P = 

0.004. No other significant difference was found, and we cannot accept the 
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hypothesis that protecting the head, the hands and feet would help maintain a 

higher rectal temperature. 

The impact of wearing a hood on thermal responses was also investigated, 

focusing on values averaged from the 60th to the 75th minute, representing the 

physiological responses during the last 15 minutes of immersion during the stable 

phase, in 19.5 °C water. We looked at rectal and local skin temperatures, rates of 

oxygen consumption, and local heat fluxes within individuals, comparing 

responses between the Long wetsuit + gloves + boots and the same condition with 

a hood. This analysis included six volunteers only, as S5 and S8 withdrew before 

the end of the immersion. The results are presented in Table 5.3. 

 

Table 5.3. Mean (SD) hand skin temperature (Thand), heat flux (Hand HF), rectal 

temperature (Tre), and rate of oxygen consumption (V�O2) averaged over the last 15 

minutes of immersion in 19.5 °C water. Volunteers were exercising, in two different 

clothing conditions (n = 6). 

 
Long wetsuit 

+ gloves + boots 
Long wetsuit 

+ gloves + boots + hood 

Thand ( °C) 24.49 (0.69) * 23.70 (0.59) 

Hand HF (W.m-2) 104 (19) 84 (28) 

Tre ( °C) 37.18 (0.76) 37.10 (0.71) 

��O2 (L.min-1) 0.75 (0.07) * 0.63 (0.07) 

Note: * represent significant differences when compared to the Long wetsuit + gloves + boots + 
hood condition (* P < 0.05). 
 

Although rectal temperatures were similar, paired samples t-tests revealed that the 

mean (SD) rate of oxygen consumption was lower with (0.63 [0.07] L.min-1), than 

without a hood (0.75 [0.07] L.min-1); P = 0.013, n = 6. The same analysis showed 

that the mean (SD) skin temperature on the hand was significantly lower in the 

condition with a hood (23.70 [0.59] °C) than in the one without (24.49 [0.69] °C); P 

= 0.031, n = 6.  
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Loss of overall thermal comfort during the cooling phase 

After 10 minutes in water at 34.5 °C the overall thermal comfort was rated 

“comfortable” (score = 8) or “very comfortable” (score = 10) by all volunteers, in all 

clothing conditions. 

Like in the first study, overall thermal comfort was considered to be lost when 

participants reported they felt “just uncomfortable” on the categorical scale in front 

of them. In the present, thermal comfort was lost during the cooling part of the 

immersion in all but two cases (Figure 5.8). When wearing the Long wetsuit with 

gloves, boots and hood, two participants did not report losing thermal comfort. 

 

 

Figure 5.8. Time when participants reported no longer being comfortable during 

immersion, when exercising. 

 

 

A one-way repeated-measures ANOVA was conducted to compare absolute times 

to loss of overall thermal comfort between the five clothing conditions. Volunteers 

S5 and S8 were not included in this analysis as they remained comfortable 

throughout the immersion in the Long wetsuit + gloves + boots + hood condition. 
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However, they were included in all other calculations. The results are shown in 

Figure 5.9. 

 

Figure 5.9. Mean (SD) time of loss of overall thermal comfort during immersion in 

cooling water whilst wearing different clothing ensembles (n = 6). 

Note: * represent significant differences when compared to the Swim briefs condition. * P < 0.05; ** 
P < 0.01. Ɨ represent significant differences when compared to the Long wetsuit + gloves + boots + 
hood condition (Ɨ 

P < 0.05). 
 

The mean (SD) time to loss of comfort in the Swim briefs condition (13.29 [1.42] 

minutes) was significantly shorter than that in all other conditions: Short wetsuit + 

gloves + boots (15.62 [3.54] minutes), P = 0.036; Long wetsuit (18.08 [1.59] 

minutes), P = 0.017; Long wetsuit + gloves + boots (16.67 [3.43] minutes), P = 

0.006; and Long wetsuit + gloves + boots + hood (24.11 [11.95] minutes), P = 

0.012. The mean time to loss of comfort in Short wetsuit + gloves + boots was 

significantly shorter than in Long wetsuit + gloves + boots + hood, P = 0.038. The 

mean time to loss of comfort in Long wetsuit + gloves + boots was shorter than in 

Long wetsuit + gloves + boots + hood; the exact level of significance was P = 0.05 

(n = 6). The time it took to lose comfort in Short wetsuit + gloves + boots was not 

significantly different from that when wearing Long wetsuit + gloves + boots. 
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In parallel, the same analysis was conducted with all eight volunteers. S5 and S8, 

who had remained comfortable throughout the immersion in the Long wetsuit + 

gloves + boots + hood condition, were, for this condition, arbitrarily attributed the 

maximum time of loss of thermal comfort (75 minutes). According to this analysis, 

the mean (SD) time to loss of comfort in the Swim briefs condition (13.72 [0.54] 

minutes) was significantly shorter than that in the Long wetsuit (19.69 [1.64] 

minutes), P = 0.017, n = 8. 

Region(s) responsible for the loss of overall thermal comfort during the 

cooling phase of experiment (water temperature >20 °C) 

When overall thermal comfort was lost during the cooling phase, volunteers 

reported which body part this was due to. Some of them could not distinctively 

attribute the loss of comfort to a single region and reported a couple of body sites. 

For accuracy, all responses are presented here (Figure 5.10). 

 

 

Figure 5.10. Number of times when the different body regions were reported 

responsible for the loss of overall thermal comfort in water, in five clothing 

conditions (n = 8). 
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Overall, the chest was reported responsible most frequently. When all body parts 

were either exposed (Swim briefs condition), or protected (Long wetsuit + gloves + 

boots + hood condition), the lower back and the chest were reported more 

frequently than any other region. Generally, when only calves, forearms and the 

forehead were exposed, the forehead was reported responsible for the loss of 

thermal comfort. This region was also reported when it was exposed along with 

hands and feet. Finally, when it was the only region exposed, the forehead was 

held responsible for the loss of comfort more often than other area. Conversely, 

when covered with the hood, the head was never reported to be responsible for 

the loss of thermal comfort. Hands, feet and calves were not reported in any 

cooling phase of the immersion. 

A correlation analysis was performed to try to further identify which body region 

had the greatest impact on the overall thermal comfort during the cooling phase of 

immersion (Table 5.4). All volunteers were included. 

 

Table 5.4. R² values of the best trend lines found between the overall and the local 

thermal comfort votes during immersion (n = 8). 

 

Swim 
briefs 

Short wetsuit 
+ gloves + boots 

Long 
wetsuit 

Long wetsuit 
+ gloves + boots 

Long wetsuit 
+ gloves + 

boots + hood 

Across 
conditions 

Chest 0.91 0.83 0.75 0.84 0.82 0.83 

Back 0.8 0.71 0.78 0.89 0.83 0.80 

Thigh 0.77 0.79 0.62 0.59 0.75 0.70 

Upper arm 0.81 0.52 0.48 0.53 0.75 0.62 

Forearm 0.54 0.62 0.61 0.44 0.73 0.59 

Calf 0.51 0.63 0.58 0.44 0.69 0.57 

Forehead 0.52 0.55 0.7 0.41 0.54 0.54 

Hand 0.49 0.51 0.55 0.4 0.59 0.51 

Foot 0.48 0.53 0.59 0.38 0.56 0.51 

       

The highest correlation coefficients were found between the overall thermal 

comfort votes and the thermal comfort votes for the lower back, and chest, in 

almost every clothing condition. Conversely, the smallest correlation coefficients 

were found between the overall thermal comfort votes and the thermal comfort 

votes for the hands and feet. 
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Thermal profiles at loss of thermal comfort during the cooling phase of 

experiment (water temperature >20 °C) 

All physiological values were continuously measured throughout the immersions. 

Therefore, when overall thermal comfort was lost (“just uncomfortable” first 

reported), complete thermal profiles were recorded. These included the values of 

absolute, change and rate of change of local and mean skin temperature, as well 

as rectal temperature. These data are now being used to construct a predictive 

model of thermal comfort. A sample of this data set is presented in Table 5.5. A 

more detailed description of each individual’s thermal profile is given in Annex 2. 

 

Table 5.5. Sample of physiological data recorded when the loss of overall thermal 

comfort was reported during immersion, that is when volunteers reported being 

“just uncomfortable”. Values are means (SD) (n = 6). 

 
Swim briefs 

Short wetsuit  
+ gloves + 

boots 

Long 
wetsuit 

Long wetsuit 
+ gloves + 

boots 

Long wetsuit  
+ gloves + 

boots + hood 

Change in rectal  
temperature ( °C) 

-0.016 (0.04) 0.008 (0.08) 0.066 (0.18) 0.016 (0.09) 0.08 (0.06) 

Mean skin temperature ( °C) 31.67 (1.51) 32.36 (1.9) 31.65 (1.99) 32.67 (1.49) 31.59 (2.47) 

Rate of change in mean  
skin temperature ( °C.min-1) 

-1.02 (0.07) -0.52 (0.03) ** Ɨ -0.49 (0.05) ** -0.43 (0.05) * -0.32 (0.14) ** 

Note: * represent significant differences when compared to the Swim briefs condition (** P < 0.01). 
Ɨ represents significant differences when compared to the Long wetsuit + gloves + boots + hood 
condition (Ɨ 

P < 0.05). 

 

When overall thermal comfort was lost during the cooling phase, in most 

conditions rectal temperature had not decreased. Two volunteers (S5 and S8) 

never lost thermal comfort in the full coverage wetsuit condition. These volunteers 

were therefore not included in this part of the analysis. However, it is worth noting 

that their physiological responses were similar to the average pattern observed. 

Mean (SD) skin temperature had dropped from its value in thermoneutral water 

temperature, by 2.8 (1.6) °C in Swim briefs; by 2.4 (1.9) °C in Short wetsuit with 

gloves and boots; by 3.3 (1.9) °C in Long wetsuit; by 2 (1.5) °C in Long wetsuit 

with gloves and boots, and by 3.5 (2.4) °C in Long wetsuit with gloves, boots and 

hood. However, a one-way repeated-measures ANOVA revealed no significant 

difference in the absolute values between clothing conditions. The same analysis 
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was conducted for the rate change of mean skin temperature. Table 5.5 shows 

that when volunteers reported no longer being comfortable (“just uncomfortable” 

reported for the first time), mean skin temperature was cooling significantly slower 

in all conditions compared to the Swim briefs.  

Similarly, when volunteers later felt “uncomfortable”, a large amount of 

physiological data was recorded (Annex 3). To run the analysis on a consistent set 

of data, only the four volunteers who reported being “uncomfortable” in all five 

conditions were included. The results are presented in Table 5.6. The same 

patterns were observed as when “just uncomfortable” was reported, although the 

only significant difference in the cooling rate of skin temperature was found 

between the Swim briefs and the Long wetsuit with gloves and boots (P = 0.034). 

 

Table 5.6. Sample of physiological data recorded when volunteers reported being 

“uncomfortable” during immersion. Values are means (SD) (n = 4). 

 
Swim briefs 

Short wetsuit  
+ gloves + 

boots 

Long 
wetsuit 

Long wetsuit 
+ gloves + 

boots 

Long wetsuit  
+ gloves + 

boots + hood 

Change in rectal  
temperature ( °C) 

-0.03 (0.06) 0.11 (0.19) 0.15 (0.20) 0.14 (0.11) 0.05 (0.18) 

Mean skin temperature ( °C) 27.99 (2.39) 27.30 (2.51) 28.49 (1.20) 29.12 (2.77) 30.31 (1.74) 

Rate of change in mean  
skin temperature ( °C.min-1) 

-0.89 (0.15) -0.27 (0.29) -0.41 (0.05)  -0.32 (0.16) * -0.32 (0.11)  

Note: * represent significant differences when compared to the Swim briefs condition (* P < 0.05). 

 

 

 

 

In addition to skin and rectal temperature, skin heat flux were continuously 

collected. Amongst the values recorded when volunteers reported the loss of 

overall thermal comfort during the cooling phase of the experiment, it was decided 

to present those from two experimental conditions: when the whole body surface 

was exposed (Swim briefs), and when it was fully protected (Long wetsuit with 

gloves, boots and hood). Also, the forehead was not immersed, it was sprayed 
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only. Therefore, only the eight other body sites were included in the analysis. 

These values are presented in Figures 5.11 and 5.12.  

 

Figure 5.11. Mean (SD) heat flux recorded when volunteers reported the loss of 

overall thermal comfort in Swim briefs (n = 8). 

 

 

Figure 5.12. Mean (SD) heat flux recorded when volunteers reported the loss of 

overall thermal comfort in Long wetsuit with gloves, boots and hood (n = 6). 

 

A one way repeated-measures ANOVA was conducted and revealed no significant 

difference between the body sites. 
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Thermal comfort during the stable phase (water temperature at 19.5 °C) 

Once thermal comfort was lost during the cooling phase, it was never re-

established. However, in 16 immersions the overall thermal comfort improved by 

one (or more) category from its lowest point. These improvements in the comfort 

scores as reported on the categorical scale corresponded to a reduction in thermal 

discomfort; the comfortable side of the scale was never reached. Once raised, the 

score either remained the same until the end of the immersion, or returned to its 

lowest value. For one volunteer, an improvement was observed in every clothing 

condition; for two others, it never happened.  

The relative importance of the different regions for thermal comfort was also 

investigated in colder conditions, during the stable phase of the experiment. To do 

so, the overall thermal comfort votes were compared across all clothing conditions 

(excluding Swimming briefs only), at minute 45 that is 15 minutes into the stable 

phase (water temperature was 19.5 °C). A one-way repeated-measures ANOVA 

revealed that the mean (SD) overall thermal comfort was significantly greater in 

the Long wetsuit + gloves + boots + hood (4.75 [1.49]) than in the same condition 

without a hood (2.75 [1.49]), P = 0.043 (n = 8). Mean overall thermal comfort in the 

Long wetsuit + gloves + boots + hood was also significantly greater than in the 

Long wetsuit condition (2.5 [0.92]), P = 0.01, and in the Short wetsuit + gloves and 

boots condition (2 [0]), P = 0.007. No other significant difference was observed. 

Observations of the impact of exercise on thermal comfort 

To explore the potential impact of exercise on thermal comfort during immersion, 

we examined four of the eight volunteers in this study who had participated in the 

previous one, conducted at rest. The time to loss of thermal comfort in the Long 

wetsuit + gloves and boots in Study One (when the head was not sprayed) was 

compared to that in the Long wetsuit + gloves + boots + hood in Study Two (when 

the head was sprayed but protected). The corresponding values are displayed in 

Table 5.7. 
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Table 5.7. Time and changes in mean skin (∆T�sk), mean body (∆T�b), and rectal 

temperature (∆Tre) from the 10th minute to the point of loss of thermal comfort in 

cooling water, in two studies including the same volunteers. 

 

Study 1 
At rest - head not sprayed  

Long wetsuit + gloves + boots  
 

Study 2 
Exercise - head sprayed 

Long wetsuit + gloves + boots + hood  
  

Volunteer 
Time 

(minutes) 
∆T�sk 
( °C) 

∆Tre 

( °C) 
∆T�b 
( °C) 

Time 
(minutes) 

∆T�sk 

 ( °C) 

∆Tre 

( °C) 
∆T�b 
 ( °C) 

D.P. 16.5 -1.26 0.00 -0.42 20.0 -2.59 0.10 -0.79 

J.G. 17.8 -1.33 -0.05 -0.47 18.0 -2.33 0.05 -0.74 

J.C. 17.0 -1.51 -0.05 -0.53 
Never lost 

comfort 
- - - 

A.O. 26.5 -4.90 0.00 -1.62 23.3 -3.92 0.05 -1.26 

 

One volunteer remained at least “just comfortable” throughout the immersion in the 

Long wetsuit + gloves + boots + hood condition in Study Two. Two other 

volunteers lost their thermal comfort earlier in Study One than in Study Two, 

although their mean skin and mean body temperatures had dropped less. 

Within the same cohort of four volunteers, we explored the local thermal comfort 

votes for the hands, just after the cooling phase, at the 30th minute of immersion; 

the water temperature was 19.5 °C. The comparison was made between the Swim 

briefs conditions of both studies, despite different exposure of the head (not 

sprayed in Study One, sprayed in Study Two). The values are presented in Table 

5.8. 

 

Table 5.8. Skin temperature (Thand), and local thermal comfort on the hand (Hand 

TC), as well as mean body temperature (T�b) measured after 30 minutes of 

immersion (beginning of the stable phase, the water temperature was 19.5 °C), in 

two studies involving the same volunteers.  

 

Study One  
At rest – head not sprayed 

Swim briefs 

Study Two  
Exercise – head sprayed 

Swim briefs 

Volunteer 
Thand 
( °C) 

Hand TC T�b  
( °C) 

Thand 
( °C) 

Hand TC T�b  
 ( °C) 

D.P. 20.70 0 31.71 20.20 4 31.42 

J.G. 20.85 0 31.72 20.35 4 31.94 

J.C. 20.25 2 31.81 19.75 8 31.76 

A.O. 20.85 2 31.57 19.65 4 32.24 



 105

 

It was observed that skin temperature on the hand was generally higher in Study 

One, at rest, than in Study Two, when exercising. This was less pronounced for 

mean body temperature. On the contrary, local thermal comfort on this region was 

consistently higher in the second study. The same tendency was observed for the 

feet (data not presented here). 

 

Discussion and Conclusions  

The overall aim of this study was to explore the determinants of thermal comfort 

during a water-based activity. Volunteers were immersed and exercised in 

cooling/cold water to investigate the relative importance of the different body 

regions on overall thermal comfort; along with thermoregulatory responses, 

thermal comfort was also assessed once the water was maintained at a colder 

temperature (below 20 °C). The main results of this study indicate the 

determinants of thermal comfort in water, possibly providing design criteria for new 

products. 

Loss of thermal comfort during the cooling phase of the experiment 

A continuous measure of physiological and subjective responses during immersion 

enabled the collection of complete thermal profiles of people losing overall thermal 

comfort when exercising in cooling water, in five common clothing ensembles. To 

provide the funding company with relevant data for modelling, it was thought 

interesting to have a wide range of recorded variables (absolute and rates of 

changes of mean and local skin temperatures), at the point where individuals went 

from “just uncomfortable” (corresponding to the loss of thermal comfort), to 

“uncomfortable”. In effect, it was observed in the first study that although the 

values collected when people shifted from “just comfortable” to “just 

uncomfortable” were necessary to investigate what drives thermal comfort, the 

practicality of maintaining such temperatures could be too challenging. Hence, it 

was decided for the present study to also collect data when “uncomfortable” was 

experienced and reported on the comfort scale. This might provide a more realistic 
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threshold/objective, considering that those participating in water-sports may be 

ready to compromise. The detailed data sets can be found in Annexes 2 and 3. 

In one clothing condition, two volunteers remained comfortable throughout the 

immersion. For clarity though, it was decided to present two different approaches 

by conducting both analyses: with and without these volunteers. To include S5 and 

S8 in the comparisons of the time to loss of comfort, they were attributed the 

maximum value of 75 minutes. This was arbitrary chosen and corresponded to the 

duration of the immersion. The main assumption with this approach is that the two 

volunteers eventually lost their thermal comfort; however there is no evidence for 

that. Although this criterion will likely have been met at some point (due to deep 

body temperature falling) it is difficult to justify the choice of any value. Therefore, 

when comparing data at the time of loss of thermal comfort, these two volunteers 

were not included. However, in any other situation, all volunteers were taken into 

account.  

When excluding volunteers who remained comfortable throughout the immersion, 

the time it took to lose thermal comfort was significantly longer with wetsuit and 

accessories than in Swim briefs only, and we accept our main hypothesis (any 

level of protection provided by wetsuit and accessories will help maintain thermal 

comfort for longer). In agreement with Study One, conducted at rest, protecting 

calves and forearms or hands and feet had the same effect on the time to loss of 

comfort in cooling water. We have to reject the specific hypothesis that during a 

water-based activity, protecting the hands and feet would help maintain thermal 

comfort longer than when protecting the calves and forearms. When the overall 

thermal comfort was lost in cooling water, the chest and the lower back were the 

regions the most often reported responsible, confirming the main finding of the first 

study. These major findings were confirmed by the high correlation coefficients 

between the overall thermal comfort votes and those obtained for the chest and 

lower back. These coefficients were much smaller for the extremities. This is in 

good agreement with our findings from the first study, conducted in resting 

conditions. 

The fact that the chest was also reported as responsible for the loss of overall 

thermal comfort is new to this second experiment. In the first study though, the 
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correlation coefficients between the overall thermal comfort and the local thermal 

comfort for this region were relatively high, and close to those found for the lower 

back. Stevens (1979) observed that when cold stimuli were applied to different 

body regions, the coldest sensations were reported for the back, immediately 

followed by the front torso. In this study though, the impact of such stimulations on 

overall thermal comfort was not investigated. More recently, cooling the chest in a 

cold environment has be shown to influence overall thermal comfort (Nakamura et 

al., 2008). Although the effects of stimulating the back were not explored, this 

finding is in good agreement with our observations. 

A few studies had already noticed the importance of a single or a couple of body 

sites for general thermal comfort, but the reasons had remained unexplored, and 

the regions involved were not the same; in cool and cold air environments, hands 

and feet were reported to be the major source of discomfort (Zhang, 2003). It is 

worth noting that when thermal comfort was lost, heat flux on the chest (and lower 

back) were relatively close to that on hands and feet. Therefore, and in good 

agreement with our first immersion study, the perceived responsibility of the chest 

for the loss of thermal comfort cannot be explained by these measures. Taken 

together with the results from our previous study, the present findings suggested 

that what we observed was due to the impact of physical characteristics of the 

media on the skin temperature distribution. We proposed that when the water 

temperature reached levels at which the hands and feet had been shown to be the 

main source of discomfort in cool /cold air (Zhang, 2003), skin temperatures on the 

chest and lower back would already be well below comfort thresholds. These 

hypotheses were tested and detailed results are presented in the next chapter 

(Study Three). 

When overall thermal comfort was lost, and despite cooling rates of mean skin 

temperature varying from around 0.3 °C.min-1 for the full coverage wetsuit to 1 

°C.min-1 in minimal clothing, there was no significant difference in the mean skin 

temperature between clothing conditions. Therefore, when volunteers no longer 

felt comfortable, it seems that mean skin temperature was a relatively more 

important variable than the cooling rates. However, we cannot exclude the 

possibility that the fastest cooling rate was insufficient in itself to trigger the 
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maximum discharge frequency of the cold receptors, which made the absolute 

skin temperature the important criteria. We thus speculate that up to 1 °C.min-1, 

the absolute level of mean skin temperature might be more important than how 

fast it cools, as the determinant of thermal comfort during immersion. In addition, 

this further supports the idea that overall thermal comfort was strongly driven by 

the chest and lower back, and that at that point of loss of thermal comfort, the skin 

temperature of other body regions (even when not protected) played a less 

important role for the overall perception. We saw that, in water, and below a 

certain rate of cooling, mean skin temperature (around 32 °C) could be a criterion 

worth considering for thermal comfort. In the light of our current findings, and 

based on the values collected in this study and the next one (Chapter Six), we 

believe that protecting the lower back and the chest from a drop of 2.8 °C and 3.3 

°C, respectively, should help maintain thermal comfort during immersion in cool 

water. 

The benefits of protecting the head in cool water, as measured by the delay in the 

time to loss of comfort when a hood was worn, were not obvious: the exact level of 

significance was P = 0.05. On that basis, we cannot accept the hypothesis that 

protecting the head would maintain thermal comfort. In good agreement with this 

first analysis, relatively weak relationships were found between the overall thermal 

comfort and that for the forehead during the cooling phase of the experiment. This 

would suggest that during whole body immersion in cool water, the head has a 

relatively high tolerance to cooling, in that the impact on overall thermal comfort is 

quite limited. However, one must remember that in our study, the head was 

continuously sprayed, but not immersed, which may have been perceived as two 

different stimuli. In addition, not all parts of the head were stimulated. 

Nevertheless, when only calves, forearms and the forehead were exposed, the 

forehead was reported responsible for the loss of thermal comfort in cooling water. 

It was also reported when it was exposed along with hands and feet, as well as 

when it was the only region exposed, where it was held responsible for the loss of 

comfort more often than any other area. It has been reported in previous work that 

the head dominates whole-body thermal discomfort (Cotter and Taylor, 2005). This 

was in good agreement with Nakamura et al. (2008). Nevertheless, these 

statements were formulated based on results obtained in warm conditions, and on 
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stimulation of the face. To the authors’ knowledge, the impact of exposing the 

head on overall thermal comfort during immersion has never been investigated. 

Therefore, the benefits of protecting the head for thermal comfort in cool water 

remain uncertain. 

Thermal comfort during the stable phase (water temperature below 20 °C) 

When exercising in cold water, protecting forearms and calves or hands and feet 

did not seem to reduce discomfort. This is somewhat different from what we saw in 

the first study, at rest, where protecting the extremities was beneficial in cold 

water. However, in the present study, the head was also exposed, which might 

have minimised the role hands and feet would have played, had they been the 

only regions exposed. In parallel, we cannot exclude the possibility that exercising 

helped reduce the perception of discomfort, due to factors that we did not 

measure. Nonetheless, it should be remembered that the conditions of the 

experiment were relatively warmer compared to what can be experienced during 

water-sports. It is possible that in colder water temperature (i.e. 15 °C and below), 

the extremities account for most of the discomfort, especially when the 

temperature reaches painful levels (Geng et al., 2006). 

Although the benefits of protecting the head for thermal comfort in cool water were 

only suggested, in colder conditions, when a hood was added to the full coverage 

wetsuit, thermal discomfort was clearly reduced. It should be emphasized, though, 

that the difference was observed between two conditions where only the head was 

protected or exposed. As suggested in our previous work, there is a possibility that 

when a single region is exposed, the importance it has toward general thermal 

comfort might be artificially enhanced (Zhang, 2003; Arens et al., 2006). However, 

this is not sufficient to explain why no impact of protecting the head was observed 

during the cooling phase. Indeed, it is during this period that the difference in the 

forehead skin temperature between the two conditions was likely to be the 

greatest, as this difference reduced during the stable phase of the experiment. 

Given the discrepancies observed in the influence of the head on thermal comfort 

between the two phases of the immersion, it is possible that when compared to the 

cold phase, the stimulus in the cooling phase was insufficient to yield a difference 

in the overall thermal comfort response. 
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When Crawshaw et al., (1975) noticed a higher cold sensitivity on the forehead 

than of other body parts, the local skin temperature of volunteers had cooled from 

36 °C to between 16 °C to 22 °C, which corresponds approximately to the levels 

reached in our study. However, the duration of the stimulus was three minutes, 

which means that the cooling rate was about 4.5 °C.min-1 to 6.5 °C.min-1, that is 

almost five times as fast as the one used in our immersion study. Such a strong 

stimulus might have enhanced the sensitivity of this region, but our findings 

suggest that a much smaller cooling rate might have been sufficient to observe a 

relatively high cold sensitivity, provided the absolute temperature is within this cold 

range. Accordingly, it was shown that cooling the face from 35 °C to 33 °C at a 

rate similar to ours (around 1.3 °C.min-1) did not increase overall thermal 

discomfort (Nakamura et al., 2008). In spite of the fact that the whole face was 

stimulated, no impact was observed on the overall thermal comfort, and this may 

have been due to the relatively high skin temperature range. Although this 

previous work somewhat supports our speculations, the exact reasons behind the 

benefits of protecting this region for thermal comfort remain unclear. However, it 

seems reasonable to advise that the head is protected during water-based 

activities in cold water so as to reduce thermal discomfort. 

Another interesting observation is that once thermal comfort had been lost it was 

never re-established, but on several occasions it improved by one or more 

category. This happened for six of eight volunteers, and for five of them, the 

improvement was seen in minimal clothing. On the other hand, when fully covered, 

only three volunteers reported an improvement in thermal comfort over the 

immersion. We suspect that this would have been due to the mode of functioning 

of the thermoreceptors. In effect, during immersion in Swim briefs, the cold 

sensitive fibres were mainly stimulated during the cooling phase of the experiment, 

as skin temperature stopped cooling at the beginning of the stable phase. This 

constant stimulus would have allowed adaptation of cutaneous receptors (Hensel, 

1981). Conversely, in the full-wetsuit condition, mean skin temperature 

continuously cooled throughout the immersion, which made the adaptation of 

thermoreceptors impossible. Hence, these fibres kept firing at a higher frequency, 

as a consequence of which it was more difficult for thermal discomfort to reduce. 

Thus, from the physiological and perceptual data recorded during these whole 
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body immersions, it can be suggested that adaptation of the cold thermoreceptors 

is unlikely when mean skin temperature is cooling as fast as 0.15 °C.min-1 

approximately. It is known that a slower rate of cooling induces a smaller increase 

in the firing frequency of the cold receptors than a higher cooling rate (Kenshalo 

and Duclaux, 1977). However, to the authors’ knowledge, the exact threshold 

below which the rate of cooling would enable adaptation of the receptors has not 

been defined in humans yet. Although direct measurements of this firing frequency 

remain a difficult thing to do in humans, there may be a way of assessing the 

adaptation of the cold receptors by thermal sensation and/or thermal comfort 

investigations. This indirect exploration would have to be conducted in water to 

enable a good control of the whole body skin temperature. This proposition is 

looked at in further detail in the last chapter of this document.   

Impact of the exercise on thermal comfort in cool and cold water 

In an attempt to investigate the impact of exercise on thermal comfort, the 

responses of four subjects who had taken part in the first study (conducted at rest) 

were further explored. To increase the relevance of our comparisons, it was 

decided to look at the time it took to lose thermal comfort in the Long wetsuit + 

gloves + boots condition during Study One and the same condition with a hood in 

Study Two. Doing so, it was possible to make observations in situations where the 

head would either be protected, or not exposed at all. The rest of the body being 

covered, the exercise was assumed to be the major difference. Within that cohort 

of four volunteers, two lost their thermal comfort later when exercising, and 

another one remained comfortable throughout the immersion. In addition, mean 

skin temperatures at that point tended to be lower in Study Two than in Study One. 

It is agreed that skin and deep body temperatures equally contribute to thermal 

comfort (Frank et al., 1999), however it seems unlikely that the differences 

observed in the change of rectal temperature are sufficient to compensate for this 

apparent greater peripheral cooling.  

Furthermore, local thermal comfort for the hands was compared between the two 

studies, in minimal clothing, in the same water temperature (19.5 °C). It was 

observed that despite lower skin temperatures in Study Two (likely to be due to 

increased convective heat loss), thermal comfort on the hands was higher than in 
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Study One. On some occasions, local heat flux measures on the hands seemed to 

be slightly higher during exercise but this might have been due to greater 

convective heat exchanges due to the movements of the limbs. Although not 

measured in our study, it is possible that exercise induced higher temperatures in 

deeper tissues within the extremities, hence limiting the cold input. However, to 

reduce the fatigue and ensure that volunteers would easily complete the full 

immersion, the intensity of the activity was very low. As a consequence, thermal 

changes due to the exercise were limited, and it is more likely that others factors, 

not measured here, reduced the perception of discomfort when hands and feet 

were exposed. For example, it has been shown that psychological aspects such 

as attention could affect the detection of thermal stimuli (Busnell et al., 1985). It is 

therefore difficult to speculate on the mechanisms behind this higher local thermal 

comfort observed when exercising. Although suggested by the aforementioned 

observations, it is difficult in these conditions to attribute any positive effect of 

exercise per se on thermal comfort, as thermal and non-thermal factors might 

have been involved at the same time. This experiment was not originally designed 

to investigate this effect, but the question will be explored in a more appropriate 

way in Study Four. 

Conclusions 

This study enabled the identification of a range of optimum thermal profiles that 

should be maintained to ensure thermal comfort during immersion in cool water, 

whilst undertaking physical activity, in five common clothing ensembles. It was 

shown that, in the conditions of this experiment, if the skin cooling rate can be 

maintained below 1 °C.min-1, then mean skin temperature will be a key parameter 

for thermal comfort. In similar situations, a mean skin temperature around 32 °C is 

likely to be an important threshold as the lower back and the chest would then 

become the major determinants of thermal comfort. To help maintain thermal 

comfort during immersion in cool water it is recommended that the protection on 

the lower back and on the chest prevents local skin temperature from dropping by 

2.8 °C and 3.3 °C from the values observed in thermoneutral air environments, 

respectively. It is also recommended that some protection is worn on the head to 

reduce thermal discomfort during water-based activities in cold water. 
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Thermal comfort during immersion when exercising in cool and relatively cold 

water had never been investigated. This second study has enabled us to gain 

understanding of what determines thermal comfort during a water-based activity. 

To further extend this insight, the next study aimed to provide some mechanistic 

explanation for the influence of the chest and the lower back, and to the relatively 

insignificant impact of the extremities for the loss of thermal comfort during such 

activities. 
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Chapter 6 

 

Study 3: Skin temperature distribution in thermoneutral air 

environments, and comparison with the distribution at the point 

of loss of comfort in water 

Introduction 

Two experiments were undertaken and reported in this thesis (Chapters Four and 

Five) to investigate the relative importance of different body sites for overall 

thermal comfort in water, at rest and during physical activity. During these studies, 

volunteers reported when they lost overall thermal comfort, and which body region 

was responsible. Overall, in our cool water-based scenarios, the chest and lower 

back were important determinants of general thermal comfort, whereas the hands 

and feet were not responsible for the initial loss of comfort. 

In thermoneutral conditions, cutaneous thermoreceptors will display a constant 

discharge frequency corresponding to their adapting temperature (Kenshalo and 

Duclaux, 1977), leading to thermoneutral sensations. Given the non-uniform skin 

temperature distribution in neutral air conditions (Arens et al., 2006) it is likely that 

these cutaneous thermoreceptors are adapted to different temperatures 

depending on the body region. Any deviation from the adapted skin temperature 

will initiate an increase in the firing frequency (Kenshalo and Duclaux, 1977), 

ultimately creating a conscious thermal sensation (Hensel, 1981) and finally 

discomfort on further cooling. This process will depend, among other things, upon 

the rate of change of temperature, the area stimulated, the deep body 

temperature, and the magnitude of change of temperature. 

We believed that the skin temperature distribution of a resting human, in a 

thermoneutral environment could be the reference upon which subjective 

responses are based. To test this proposition and try to refine the mechanisms 

involved in the loss of thermal comfort in cooling water, we compared the thermal 

profiles recorded at that point, to a reference, in air. Thus, we proposed to 
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measure, on the same group of volunteers who took part in Study Two, skin 

temperatures in two thermoneutral air conditions and compare these temperatures 

to those measured when volunteers reported losing their thermal comfort in water. 

The first skin temperature distribution was measured in the thermoneutral 

conditions of an office environment (21 °C), and whilst wearing light clothes. This 

environment was believed to be the one where many modern humans spend most 

of their time so that the skin temperature distribution across the body would be the 

one the most frequently experienced. In addition, skin temperatures were also 

measured, on a separate occasion, in 26 °C air with minimal clothing (swim briefs), 

as man is known for his tropical origins (Scholander, 1950; Lahr and Foley, 1994).  

Based on the observations from Study One and Two, we suggested that the hands 

and feet were not responsible for the initial loss of thermal comfort in cooling water 

because local skin temperature on the extremities is, on a day to day basis, 

usually lower. On the contrary, we proposed that the chest and the lower back 

were reported responsible for the loss of comfort because in cooling water, these 

“naturally” warm regions were cooled by a greater amount relative to other 

regions, and in comparison with their thermoneutral “reference” temperature. 

Aims and Hypotheses 

The aim of this study was to identify whole body skin temperature distributions of 

resting volunteers in thermoneutral air environments, and compare them to those 

collected when the same volunteers reported no longer being comfortable in the 

previous immersion experiment (Study Two). 

Hypotheses 

We proposed the following hypotheses: 

- Body regions where temperature remains above the “reference” thermoneutral 

temperature in air will not be the ones reported as the cause of loss of comfort in 

cooling water. 

- The body regions that deviate the most from the “natural” thermoneutral skin 

temperature in air are likely to be responsible for the reported loss of thermal 

comfort in cooling water. 
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Methods 

Study design and volunteers 

This experiment included one assessment of each volunteer’s skin temperature, 

after a period of one hour at rest in 21 °C air, and, on another occasion, one hour 

at rest, in 26 °C air. Six of eight volunteers who took part in the previous 

experiment, Study Two, were recruited for this study. 

Procedure 

Each volunteer reported to the laboratory at the same time of day as for their 

previous participations. The air temperature in the experimental chamber was set 

at 26 °C or, on another occasion, 21 °C, and checked throughout the experiment 

using a WBGT thermometer; relative humidity was set at 60 %. In these 

environmental settings, the maximum air movement in the chamber was measured 

at 0.25 m.s-1 and was attributed to the air temperature control system. For the 21 

°C condition, volunteers were asked to wear their own clothes, as if they were 

working in their office on a normal day. This consisted of casual shoes, socks, 

underwear, normal trousers and long sleeve shirt. In the 26 °C condition, prior to 

entering the chamber, volunteers were asked to wear swim briefs. On both 

occasions, they were invited to stay seated in the chamber for an hour; some 

newspapers were available to read. Throughout the exposure, it was ensured that 

volunteers remained thermally comfortable by asking them to report any thermal 

discomfort on the same categorical scale as the one used in the immersion study. 

At the end of the hour, volunteers were asked to stand up and, in the 21 °C 

condition, take their clothes off as quickly as possible (keeping their underwear 

on). Whole body infrared pictures were immediately taken with volunteers facing 

an infra-red camera, and then turning their back to it. 

Skin temperature measurements 

Whole body surface temperatures were measured at the end of the exposure 

using a thermal imaging camera (A320 series, ThermaCAM™, FLIR systems, 

Kent, UK). In the range of environmental conditions experienced in this work, the 

camera has a reported accuracy of +/- 2 °C and a sensitivity of less than 0.1 °C. 

Thermal images were treated subsequently, using an acquisition and analysis 

program (ThermaCAM™ Researcher pro, FLIR systems, Kent, UK). Sites of 
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interest were selected to represent regions where skin thermistors where applied 

in the immersion studies. Mean surface temperature across each area was then 

used for analysis. An example of the type of image analyzed is shown in Figure 

6.1.  

 

 

Figure 6.1. Infra-red picture of a volunteer at the end of the exposure in 

thermoneutral air, at 26 °C. Mean surface temperature across each circled area 

was used for analysis. The lower back, calf, forearm and upper arm skin 

temperatures were measured on the back side of the body (not shown). 

 

Data Analysis 

For each skin site, and within each volunteer, the temperature obtained in 21 °C 

air and the one collected in 26 °C air were averaged to produce a “reference” skin 

temperature in an average thermoneutral air environment. Paired samples t-tests 

were then conducted to compare the calculated reference skin temperature to that 

when thermal comfort was lost during immersion. Before any analysis was 

conducted, it was confirmed that the data met the requirements and assumptions 

of each statistical test used. All tests were undertaken with n = 6, as the other two 

volunteers who undertook the immersion study were not available. For verification, 

the same analysis was also conducted for each air temperature taken separately, 

but the results are not presented here. In addition, in a separate analysis the 
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largest surface area available for each segment were taken as the sites of 

measure of skin temperature to ensure that the results obtained were not 

influenced by the method of measure. 

 

Most afferent thermal information from the extremities will emerge from the regions 

with higher cold receptor densities, that is the fingers (Hensel, 1981). Additionally, 

in thermoneutral air, the fingers will be the coldest parts of the hands. 

Consequently, these body parts are likely to be the ones sending the largest 

amount of thermal information, and this is where on the hand it seemed necessary 

to measure skin temperature. However, in Study Two, thermistors were applied on 

the dorsal part of the hand. Thus, the comparisons made in the present analysis 

assume that when thermal comfort was lost during immersion in Swim briefs the 

hand skin temperature was relatively uniform, and that dorsal hand temperature 

was equivalent to that of the fingers temperature. To justify the methods used, we 

report here the hand and forearm skin temperatures measured during the 

immersion in Swim briefs in Study Two (Figure 6.2). 

 

Figure 6.2. Mean hand and forearm skin temperatures during immersion in 

cooling water in Swim briefs, in Study Two (n = 8). 

 

It can be seen in Figure 6.2 that these skin temperatures measured on different 

body sites during immersion are very similar. To further test the assumption that 



 119

skin temperature was similar across this body segment, we compared, within each 

volunteer who took part in both studies (Two and Three) the forearm skin 

temperature to that of the hand, at the point of loss of comfort in cooling water. 

The results are presented in Table 6.1. 

 

Table 6.1. Skin temperature on the hand and on the forearm when volunteers 

reported no longer being comfortable in cooling water, in Study Two.  

Skin temperature ( °C) 

Volunteer # Hand Forearm 

S1 30.40 30.20 

S2 32.70 32.55 

S3 28.05 28.15 

S4 29.75 29.75 

S5 32.10 32.10 

S6 29.70 30.35 

Mean 30.45 30.52 

SD 1.71 1.61 
 

A paired sample t-test revealed no significant difference between the mean (SD) 

hand skin temperature and that of the forearm (30.45 [1.71] vs. 30.52 [1.61]; P = 

0.061) (n = 6). 

 

Based on these observations, it was decided to compare skin temperature on the 

dorsal side of the hand when thermal comfort was lost during immersion to that of 

the fingers in thermoneutral air environments. 
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Results 

Tables 6.2 and 6.3 show the individual local and mean skin temperature 

distributions after one hour resting in air at 21 °C with light clothes on, and 26 °C 

with swim briefs only.  

 

Table 6.2. Individual local and mean skin temperature distribution after one hour 

resting in air at 21 °C with light clothes on.  

Volunteers 
S1 S2 S3 S4 S5 S6 Mean SD 

Fingers 25.4 23.7 24.9 24.0 24.4 25.2 24.6 0.7 

Forearm 33.3 30.9 30.6 31.6 32.5 32.2 31.9 1.0 

Upper arm 32.0 29.7 30.1 28.6 30.4 30.6 30.2 1.1 

Chest 35.2 34.7 34.0 34.1 34.0 33.8 34.3 0.5 

Back 35.1 34.8 33.7 34.0 34.2 34.3 34.4 0.5 

Thigh 30.6 31.6 29.4 31.5 31.1 29.7 30.7 0.9 

Calf 27.9 29.2 29.3 30.4 30.6 29.9 29.6 1.0 

Toes 22.4 24.1 22.2 23.1 26.9 23.5 23.7 1.7 

Forehead 34.6 34.9 33.8 33.9 33.6 33.9 34.1 0.5 

Mean skin temperature 31.6 31.5 30.7 31.3 31.7 31.1 31.3 0.4 

 

 

Table 6.3. Individual local and mean skin temperature distribution after one hour 

resting in air at 26 °C with minimal clothing (swim briefs). 

 
Volunteers 

  

 
S1 S2 S3 S4 S5 S6 Mean SD 

Finger tip 30.6 26.4 32.7 30.0 31.8 28.6 30.0 2.3 

Forearm 34.5 33.5 34.2 33.7 34.0 33.0 33.8 0.5 

Upper arm 32.4 31.9 33.0 32.1 33.0 31.7 32.4 0.6 

Chest 35.1 35.0 35.0 34.9 34.8 34.5 34.9 0.2 

Back 34.1 35.0 34.7 34.6 34.4 34.5 34.6 0.3 

Thigh 33.2 33.4 33.7 33.3 33.2 32.1 33.2 0.5 

Calf 31.0 32.1 33.0 32.9 32.6 31.4 32.2 0.8 

Toe 26.9 24.6 30.3 25.6 30.8 25.0 27.2 2.7 

Forehead 36.2 36.0 35.6 36.1 35.5 35.2 35.8 0.4 

Mean Skin temperature 33.1 32.9 33.8 33.2 33.6 32.4 33.2 0.5 

 

These data were then computed for each body site to produce an average skin 

temperature distribution in thermoneutral environments. 
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Figure 6.3 shows the mean (SD) skin temperature of each body region, measured 

when the loss of overall thermal comfort was reported in cooling water (Study 

Two) and those computed from the data collected in both air environments (21 °C 

and 26 °C).  

 

 

Figure 6.3. Mean (SD) local and mean skin temperature distribution in 

thermoneutral air environments (mean of skin temperatures in 21 °C with light 

clothes on, and in 26 °C with minimal clothing), and that when the same volunteers 

reported no longer being comfortable in cooling water in Study Two . 

Note: * represent significant differences within each body site, across the two situations. * P < 0.05; 

** P < 0.01 (n = 6). 

 

The analysis revealed that the mean (SD) skin temperature on the fingers was 

significantly higher than in thermoneutral air conditions, when overall thermal 

comfort was lost in water (30.45 [1.71] °C vs. 27.31 [1.32] °C, P = 0.037). 

Similarly, the mean (SD) skin temperature on the toes was significantly higher than 

in thermoneutral air, when thermal comfort was lost in cooling water (30.35 [1.40] 

°C vs. 25.45 [1.82] °C), P = 0.004. 

Conversely, in thermoneutral air environments, mean (SD) skin temperatures were 

significantly higher than at the point of loss of comfort during immersion for: the 

forearms (32.83 [0.63] °C vs. 30.51 [1.61] °C, P = 0.021; the chest (34.59 [0.35] °C 

* 
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vs. 31.32 [1.65] °C, P = 0.005; the back (34.45 [0.26] °C vs. 30.67 [1.59] °C), P = 

0.002; and the forehead (34.94 [0.41] °C vs. 30.06 [1.27] °C), P < 0.001. 

Mean skin temperature was significantly higher in thermoneutral air than when 

thermal comfort was lost in cooling water (32.23 [0.27] °C vs. 30.64 [1.49] °C), P = 

0.046. 

Discussion and Conclusions 

An assessment of the “reference” skin temperature distribution in air indicates that 

the extremities were warmer when the loss of overall thermal comfort was first 

reported during immersion in Study Two than when volunteers were “just 

comfortable” or “comfortable” in thermoneutral air environments. Assuming the 

skin temperature distribution was uniform across the hand during immersion in 

cooling water, we therefore accept our first hypothesis: “the regions where body 

temperature remains above the “reference” thermoneutral temperature in air will 

not be the ones reported as the cause of loss of comfort in cooling water”. This 

may explain why, during immersion in cooling water, these body parts were not 

reported responsible for the initial loss of comfort. This finding is in contradiction 

with Zhang (2003) who noted that in cool air environments local thermal 

sensations and comfort were colder for the hands and feet and that overall thermal 

comfort were closest to the comfort votes from these regions. It was concluded 

that cold hands and feet have a disproportionately large influence on overall 

thermal comfort. However, in these cold air conditions, the extremities would have 

demonstrated more intense vasoconstriction than other body regions, as a 

consequence of which they were the coldest body parts. Indeed, during their 

experiments, 23.1 °C and 21.4 °C were recorded for hands and feet, respectively. 

In Study Two, when overall thermal comfort was lost during immersion in cooling 

water, the skin temperature on the extremities was above 30 °C, which was, on 

average, 3 °C and 5 °C (for hands, and feet) higher than in comfortable air 

conditions. Thus, it is unlikely that cold thermoreceptors in the extremities were 

stimulated when volunteers reported no longer being comfortable on immersion. 

On the contrary, in Zhang’s study, colder skin temperatures in these regions when 

compared to thermoneutral air environments would have increase the frequency of 

discharge of the cold sensitive fibres to higher levels than those observed at 
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adapting temperatures. This could explain why the extremities were an important 

source of discomfort in air, whereas they were not responsible for the loss of 

overall thermal comfort in water during our experiment. 

In contrast, the forehead, chest, back and forearms demonstrated the greatest 

cooling in water, when compared to their skin temperature distribution in 

thermoneutral air conditions. In Study Two, during immersion, the chest and the 

lower back were the regions most often reported responsible for the loss of overall 

thermal comfort, and we accept our second hypothesis “the body regions that 

deviate the most from the “reference” thermoneutral skin temperature in air are 

more likely to be responsible for the reported loss of thermal comfort in cooling 

water”. This could be due, in part, to the fact that the difference in temperature at 

the points of loss of comfort in water and the temperature distribution in 

thermoneutral air was greater than for most other body sites; i.e. local cooling was 

relatively greater. This is in apparent disagreement with the reports from Zhang 

(2003) where in cold air neither the back, nor the chest was the source of 

discomfort. This would have been due to an insufficient stimulation of these 

regions in comparison to that of others, as the skin temperature on the lower back, 

for example, was around 32.4 °C in the air environments of Zhang’s study. 

Consequently, their relative influence on overall thermal comfort was limited. This 

would explain the differences in the results between our work and the study from 

Zhang. Indeed, when cold air was alternatively supplied to separate body regions 

in the studies of Zhang, the back had the greatest influence on overall thermal 

comfort, which supports our observations. 

Also in good agreement with our findings, Ouzzahra et al., (2012) recently found a 

relatively higher sensitivity for the trunk region than for other body parts, such as 

the upper limbs for example. However, the cold stimulus (20 °C thermode) was 

somewhat greater than in our study, when thermal comfort was lost. Stevens et al. 

(1979) showed that cooling the skin of the lower back only (when other regions 

were maintained at thermoneutral temperature) from 34.4 °C to 30 °C, yielded a 

greater cold sensation than when the same stimulus was applied to any other 

body part. This change of skin temperature is close to the difference we observed 

when comparing the temperatures in thermoneutral air environments to those 
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recorded when overall thermal comfort was lost during immersion in cooling water. 

In contrast with the extremities, the stimulus on the chest and lower back in 

cooling water was important, and will have triggered a higher discharge frequency 

(Kenshalo and Duclaux, 1977), ultimately leading to cold sensation and 

discomfort. 

When volunteers no longer felt comfortable during immersion in cooling water, the 

forehead had cooled slightly more than the chest and lower back (from the 

reference temperature), but it did not seem to have influenced the overall thermal 

comfort. However, we observed that the forehead skin temperature was slightly 

colder than that on the chest and lower back in 21 °C air, when clothes are worn. 

We suspect that this difference would be enhanced outdoor, in cool or cold air, 

where the whole body is heavily covered but the head remains exposed, and yet 

thermal comfort is maintained. This would suggest a lower cold sensitivity for the 

forehead, or a higher tolerance to cooling, as a greater cooling had a relatively 

smaller impact on overall thermal comfort. Accordingly, it was reported that the 

stimulation of the chest, and that of the back lead to greater cold sensation than 

when the face was stimulated (Stevens, 1979). Likewise, Nakamura et al., 2008 

reported that in cool environments, cold stimulation of the face did not influence 

thermal comfort, whereas that of the chest did (the back was not investigated). 

However, in these studies, the forehead was stimulated in addition with other parts 

of the face, which is different from our immersion study. More importantly perhaps, 

is the type of stimulus applied on the forehead and that applied on the other body 

parts in our experiment. Spraying water on the skin of the forehead may have 

been a different stimulus than the complete immersion of other body parts, 

although the impact on the temperature was similar. It is therefore difficult to 

conclude regarding the mechanisms behind the impact of the forehead on the 

overall thermal comfort during water-based activities. 

Conclusions 

Skin temperature distribution in thermoneutral air environments may be 

considered as a reference for the point of loss of comfort in cooling water. That is 

absolute skin temperatures in cooling water should be contextualized to “normal” 

skin temperatures in thermoneutral air when trying to interpret regional impacts to 
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thermal comfort in cool water. During water-based activities, the chest and the 

lower-back will be responsible for the loss of overall thermal comfort because 

relatively to other regions, the local skin temperatures will have cooled by a large 

amount when compared to their levels in thermoneutral air environments. The 

same thermal comfort reference might be used to show that hands and feet are 

usually, and “naturally” colder than other regions, which make them unlikely to be 

the primary determinants of thermal comfort during water-based activities in cool 

water. 

The study presented here has suggested the mechanisms to the relative influence 

of different body regions on thermal comfort during immersion in cool water. 

The last component in the study of an immersion is the transition from water to air. 

This was examined in Study Four in the next chapter. 
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Chapter 7 

 

 Study 4: Thermal comfort post-immersion, the effect of 

evaporative cooling 

Introduction  

One important design criteria in water sports clothing is the speed with which the 

fabric will dry, as this will determine the intensity of the evaporative cooling effect 

following immersion, and will therefore affect thermal comfort. The extent to which 

wind speed will affect skin temperature post-immersion is likely to be dependent 

upon the fabric properties, and may be estimated by existing predictive models 

(Huizenga et al., 2001). However, the impact of various skin temperature patterns 

will have on thermal comfort remains unknown. 

The work presented in this thesis is aimed at investigating thermal responses of 

humans undertaking water-based activities in leisure situations. Therefore, we 

focussed on normothermic scenarios only. In such activities where skin 

temperature only is affected, it is expected that thermal comfort and skin 

temperature will be highly correlated (Frank et al., 1999). As a result of the 

extensive research conducted in the field, it is known that thermal comfort 

depends upon deep body temperature, initial and absolute skin temperatures, and 

the rate of change of skin temperature (Hensel, 1981; Hensen, 1990). However, 

the effect of the direction of change of skin temperature is one factor that has 

received little attention. Cabanac et al. (1972) showed that the preference for a 

thermal stimulus is guided by the requirements of deep body temperature. But with 

a stable deep body temperature within the normothermic range, would decreasing 

skin temperature always be experienced as uncomfortable regardless of the 

absolute value? Similarly, would pleasantness and overall thermal comfort only be 

initiated when skin temperature rises? What would be the subjective responses of 

somebody whose mean skin temperature falls from 33 °C to 30 °C in comparison 

with an increase from 27 °C to 30 °C?  
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Those questions arose from preliminary investigations during a pilot study 

conducted in this laboratory. It was shown in our previous experiments (in water) 

that loss of thermal comfort occurred when mean skin temperature was around 32 

°C. Nevertheless, we observed during pilot studies that thermal comfort could be 

maintained (or re-established) below these levels when mean skin temperature 

increased. This suggested that the conditions for human thermal comfort can be 

extended to particular situations, where absolute values would become relatively 

meaningless due to the rate of change of skin temperatures and/or the direction of 

the change. However, these observations were based on the results from one 

volunteer only, when deep body temperature was not measured, and within a 

narrow range of environmental conditions. It was suggested that for a given 

absolute skin temperature, the same rate of change in skin temperature could lead 

to opposite subjective responses depending on the direction of that change. Also, 

based on the preliminary data from that same pilot test, it was believed that even 

much lower initial skin temperatures could be associated with greater thermal 

comfort, provided these were increasing rather than decreasing. It was therefore 

proposed to further investigate this directional effect of change in skin temperature 

on thermal comfort. The impact of different rates and magnitude of change, as well 

as the initial values of mean skin temperatures on subjective responses, were 

explored in a range of environmental conditions. 

Water-based activities are usually associated with exercise. Several studies have 

investigated the impact of physical activity on deep body temperature in cool and 

cold water (Keatinge, 1961; Rennie et al., 1980; Golden and Tipton, 1987). Recent 

work has focussed on the impact of physical activity on cold sensitivity (Ouzzahra 

et al., 2012), but it seems that no information is available regarding its effect on 

thermal comfort in cool water. This was indirectly investigated in Study Two of this 

thesis, and we observed a tendency for exercise to postpone the time to loss of 

comfort in cooling water, as well as to reduce local discomfort in the extremities. 

As the physiological measures did not appear to explain this tendency, it was 

suggested that exercise per se could improve thermal comfort during immersion.  

Nevertheless, these results came from the comparison of two sets of data 

collected on a small cohort of participants, in two separate studies. The reasons 

behind the potential enhancing effect of activity on perceptual responses remained 



 128

unclear. We thus proposed to further investigate the effect of undertaking a water-

based activity on overall thermal comfort. It was proposed to dedicate a part of this 

fourth study to this exploration, and control for the thermal factors inevitably 

involved when exercising. 

During pilot studies, it was observed that volunteers’ reports of thermal comfort 

quickly reached the bottom of the scale (“very uncomfortable”). Thus, when skin 

temperatures continued to decrease, the potential impact on thermal discomfort 

was not discernible in the data collected. Additionally, in highly dynamic situations, 

a classical scale was thought to lack some accuracy when it came to indicating the 

development of thermal comfort across time. For those reasons, an “infinity” scale 

was used. To the investigators’ knowledge, this was the first time such a concept 

was developed for the assessment of thermal comfort and it was thought to show 

several benefits. On this particular scale, volunteers would be able to rate their 

thermal comfort as low or as high as they wanted, without being constrained by 

categories or scale limits. The details of this mode of entry are given later in the 

methods section. This scale should enable us to better understand the 

relationships between physiological and subjective responses. This system of 

rating was compared with a more commonly used categorical scale, so that the 

benefits and disadvantages of both methods could be assessed; this assessment 

is reported in this chapter. 

As mentioned above, cutaneous input is one of the main parameters affecting 

thermal comfort, especially when deep body temperature is within normal limits. 

Within the zone of thermoneutrality (where the modifications of cutaneous vascular 

tone are sufficient to enable thermal balance) the skin temperature of a non-

protected individual at rest will be influenced by the surroundings (Huizenga et al., 

2004). During immersion, skin temperature will closely follow the water 

temperature because of the high thermal conductivity and specific heat capacity of 

water. In contrast, we confirmed during a previous set of experiments (Study 

Three) that a natural and comfortable non-uniform skin temperature distribution 

can be achieved between 21 °C and 26 °C air temperature depending on the 

clothing condition (from minimal to light insulation). Although water and air are the 

main environments humans are exposed to, another parameter has to be taken 



 129

into account in the outdoor environment: the air velocity. The convective heat loss 

resulting from the wind has been studied for a long time (Siple and Passel, 1945). 

However, little research has been reported when wet skin of the whole body is 

exposed, and the effect of a prior immersion on comfort responses in air is still 

unexplored. Recently, Yamane et al., (2010) looked at the effect of wind 

associated with rain on peripheral heat loss in non-protected humans at rest in 15 

°C air. Unsurprisingly, mean skin temperature was lower when the participants 

were exposed to wind and rain in comparison with wind only. Although subjective 

responses were not collected, based on the values of mean skin temperature 

(ranging from 17 °C to 25 °C), we can presume that the volunteers were 

uncomfortable throughout the study. Moreover, the experimental conditions 

resulted in skin temperatures only decreasing, and the potential effect of rising 

temperatures were not investigated.  

Previous work by Thompson and Hayward (1996) looked at the thermal responses 

to prolonged exercise in cold-wet conditions, and thermal comfort was briefly 

investigated. In this study, all volunteers experienced intense discomfort due to the 

adverse outdoor conditions simulated: air temperature was 5 °C, the wind was set 

at 8 km.h-1, the rain was continuously falling at 74 mm.h-1 and the participants 

were asked to walk for five hours without protective rainwear. Hence, what might 

happen in a recreational scenario where the surroundings and the time of 

exposure are less stressful is unclear. Therefore, it was proposed to examine 

whole body thermal comfort responses of people being wet, post-immersion, and 

resting in a milder environment, as commonly occurs in recreational water-based 

activities. 

Finally, in most wet and windy conditions an evaporative cooling effect will be 

observed, in which evaporation of water will cool the skin. In our post-immersion 

scenario, we expected the cooling effect to increase with the air velocity because 

water would evaporate more quickly. This should result in greater rates of change 

of skin temperature but for shorter periods of time as water would evaporate more 

quickly. The consequence for overall thermal comfort was uncertain: would people 

have “preferred” this strong but short cooling stimulus rather than a less intense 

one that lasted for longer or vice versa? As thermoreceptors demonstrate 
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“adaptation” to a given stimulus (Kenshalo and Duclaux, 1977), it was supposed 

that a less intense cooling stimulus would stimulate thermoreceptors to a lesser 

extent and allow them to adapt more rapidly so that thermal discomfort would be 

less pronounced than that in response to a stronger stimulus, even if the former 

lasted for longer. This aspect had never been investigated in these circumstances 

before and it was of a great interest from a fundamental point of view, but also 

from the more practical aspects of clothing manufacture.  

In effect, amongst the several design criteria used in the conception of products for 

water-based activities, the drying properties of the material are essential. These 

define the rate at which water evaporates and are thus directly related to 

evaporative cooling. Two basic patterns can be observed: a fast, or a slow drying 

fabric. The former is likely to result in higher rates of cooling in skin temperatures 

but for shorter periods, whilst the latter might initiate lower rates of cooling but for 

longer. For these reasons, and provided the initial decrease in skin temperature is 

similar, uncovered skin was expected to be more beneficial for thermal comfort 

than a garment that would hold water for longer. The consequences in terms of 

thermal comfort remained unknown. It was thus proposed to examine these 

aspects on minimally-dressed individuals but also by using the two types of fabrics 

aforementioned.  

So far we have looked at the thermal responses of people entering the water as 

well as during immersion, at rest and when exercising. These investigations have 

led to several conclusions and helped improve the understanding of thermal 

comfort during water-based activities. Consistent with the natural sequence of 

events occurring during such recreational activities, it was proposed to examine 

thermal comfort following immersion. 
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Aims and Hypotheses 

The main objective of this experiment was to establish the impact of evaporative 

cooling on thermal comfort following immersion. To do this, the relationships 

between water-clothing properties, wind speeds, skin temperatures, and thermal 

comfort were investigated. 

Hypotheses 

We proposed the following specific hypotheses: 

1. Thermal discomfort is associated with skin temperature cooling; 

2. Thermal discomfort is less intense when skin temperature cools more slowly; 

3. Thermal comfort only improves when skin temperature increases; 

4. Thermal comfort is relatively independent of the absolute value of skin 

temperature; 

5. Exercising improves thermal comfort. 

 

Methods 

 

Volunteers 

Ten male volunteers were recruited for this study. They all completed the eight 

tests. 

Procedure 

The experiment was a repeated measures design in which the ten volunteers 

completed eight tests, on four separate days (Figure 7.1). 
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Figure 7.1. Diagram of the study, showing the different experimental conditions. 

 

The order of presentation of the conditions is presented in Table 7.1. Because ten 

volunteers were recruited, the order of presentation was only balanced for eight of 

them. For the remaining volunteers (S9 and S10), it was ensured that the order of 

conditions within each day had not already been assigned. 

  

Table 7.1. Order of presentation of the conditions. 

Order of presentation of the conditions  

Volunteer Day 1 Day 2 Day 3 Day 4 

Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7 Test 8 

S1 1 2 8 3 7 4 6 5 

S2 2 3 1 4 8 5 7 6 

S3 3 4 2 5 1 6 8 7 

S4 4 5 3 6 2 7 1 8 

S5 5 6 4 7 3 8 2 1 

S6 6 7 5 8 4 1 3 2 

S7 7 8 6 1 5 2 4 3 

S8 8 1 7 2 6 3 5 4 

S9 8 6 5 7 3 1 4 2 

S10 2 6 4 8 1 5 3 7 

Note: Each of the ten volunteers came to the lab on four separate days to complete two tests per 
day; each test involved a different experimental condition (from 1 to 8). 
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Clothing conditions. Three different clothing ensembles (provided by Oxylane 

Research) were used in different experimental conditions. These were selected 

after preliminary tests which involved six types of clothing, with different fabric 

and/or designs. After the garments were saturated with water, they were hung in a 

hot and dry chamber, with no wind, and a first selection was undertaken based on 

the time it took for them to dry. These drying profiles are presented in Figure 7.2. 

 

 

 

Figure 7.2. Amount of water retained in various fabrics used before the clothing 

conditions were chosen. Air temperature was 35 °C, relative humidity was 10 %. 

 

For confirmation, a similar test was done on two volunteers, in environmental 

conditions close to those of the final study (Figure 7.3). 
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Figure 7.3. Mean skin temperature of one volunteer during pilot studies, before, 

during and after immersion. Air temperature was 25 °C, water temperature was 33 

°C, air velocity was 2 m.s-1, and relative humidity was 40 %. 

 

 

An analysis was conducted on the skin temperature profiles post-immersion. It 

was concluded that the six clothing types could be grouped in two main patterns; 

three garments prevented the skin temperature from falling post-immersion, 

whereas the other three consistently induced a fall in mean skin temperature. It 

was therefore decided to use one garment from each group, to ensure a wide 

range of responses when combined with the different wind speeds during the 

study. 

Beside the control condition where volunteers wore only swim briefs, the clothing 

consisted of a long-sleeved top and a shorts, stopping at knees. The surface area 

covered was similar between the two clothing conditions, but the design and the 

fabrics used were different. The first assembly (“Macogaï”) was a single layer of 

polyamide fabric that allows water to evaporate easily (Figure 7.4 a). The inside of 

the other garment (“Cokoune”) was made of a microfleece-type fabric, with a 
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totally wind and waterproof outer layer, hence displaying a low evaporative profile 

(Figure 7.4 b). 

 

      

Figures 7.4. a- The left picture shows a volunteer in the Macogaï, a fabric with a 

high-evaporative cooling profile; b- The figure on the right shows a volunteer 

wearing the Cokoune, a low-evaporative cooling profile garment. 

 

Pre-immersion period. In the first stage of the experiment volunteers were 

exposed for 10 minutes to the air environment, where the temperature was set and 

controlled at 24 °C, with a relative humidity maintained at 60 % to 70 % (Figure 

7.5). According to data-bases from the French met office (Météo-France), this is 

the average temperature recorded in the summer along the French Atlantic and 

Mediterranean coasts. 
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Figure 7.5. Pre-immersion exposure. Volunteers (here in minimal clothing) faced 

different wind speeds, at rest or whilst exercising, in 24 °C air. 

 

Additionally, several pilot studies were conducted to determine what air 

temperature should be used. It appeared that depending on the garment and on 

the wind speed conditions, the air temperature set at 24 °C caused both increases 

and decreases in skin temperatures, and led to comfortable and uncomfortable 

responses. During this pre-immersion air exposure, whilst wearing Swim briefs, 

volunteers stood still in front of the fans and faced air velocities of 1 m.s-1, 2 m.s-1 

or 4 m.s-1 for ten minutes. In a fourth condition, whilst facing wind velocities of 1 

m.s-1, they continuously stepped up and down a 25 cm step, as described later. 

These wind conditions seemed to be those under which most people would 

attempt water-based leisure activities (from light air to gentle breeze according to 

the Beaufort scale), and, during pilot studies, were shown to be sufficient to trigger 

skin temperature changes. Also, such an environment should produce a broad 

variety of physiological responses that would, in turn, initiate a wide range of 

subjective responses. In the remaining two clothing conditions (Cokoune and 

Macogaï), volunteers were exposed to two different wind settings: one comprising 

five minutes at 1 m.s-1 immediately followed by five minutes at 2 m.s-1. By 

comparison with a constant wind speed of 1 m.s-1 this would enable us to control 

for an effect of time on thermal comfort. For both clothing assemblies, the two 

other conditions consisted of ten minutes of wind at 4 m.s-1. Throughout the air 

exposure, and in all conditions, volunteers faced the wind. It was decided that this 
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situation was the most commonly encountered during water-based activities, 

especially when rapid motion is involved (windsurfing for example), or when 

waiting on the beach until the next immersion period. 

Immersion period. Volunteers immersed themselves up to the neck in the 

swimming flume, where the water temperature was 28 °C. It was determined in 

pilot studies that this environment was expected to have a minimal impact on deep 

body temperature for the period of immersion (ten minutes). The volunteers would 

also get out of the immersion tank with mean skin temperatures within a range 

allowing both cooling and warming so that subjective responses post-immersion 

would not be restricted to one direction only. As soon as the volunteers were 

immersed, they started alternating between swimming breast stroke and resting, 

for ten minutes (i.e. five 1 minute swimming - 1 minute resting cycles). Throughout 

the immersion period, including the resting stages, the flume speed was set to 1.6 

km.h-1, which is equivalent to swimming 100 meters in about four minutes (for 

reference, the current world record on the same distance is just under one 

minute). The pace at which swimming and resting were alternatively undertaken 

was determined by a series of pilot tests. The aim was to have a water-based 

activity that was easy to maintain for ten minutes, and have the smallest impact on 

metabolic heat production. Also, alternating between swimming and resting 

enabled us to look at the influence of activity per se on thermal comfort, as it was 

anticipated that the thermal status would be constant. The activity during the 

immersion stage also forced water to flush in and out of the garment, so that its 

inner and outer surfaces would be evenly wet across the body before the air 

exposure. This was particularly important for the Cokoune condition, which had a 

waterproof coating. 

Post-immersion period. Following ten minutes of immersion, the volunteers got out 

of the tank and faced the same wind speeds for 25 minutes. They undertook the 

same activity (if any) as they did before the immersion, (Figure 7.5); in the Swim 

briefs and 1 m.s-1 wind condition, they continuously stepped up and down a 25 cm 

platform, as described in the next section. In the other seven experimental 

conditions, they stood still until the end of the test. During the preliminary tests, 25 

minutes post-immersion were long enough to let us observe large changes in skin 
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temperature, followed by either a stabilisation or an increase. In addition, we 

noticed during the pilot tests it took the volunteers 15 minutes to 20 minutes to 

recover thermal comfort, and so, such a recovery period was incorporated into the 

experiments. 

 

Figure 7.6. Volunteer facing the wind post-immersion, wearing the garment with a 

low-evaporative cooling profile “Cokoune”. 

 

Exercise. Whilst wearing Swim briefs in the 1 m.s-1 wind condition, volunteers 

either rested or exercised (on two separate occasions). The exercise was 

conducted throughout the pre- and post-immersion periods. The intensity and the 

type of exercise were adjusted according to pilot tests, and consisted of stepping 

on a 25 cm platform, in pace with a metronome set at 60 beats per minute, 

indicating one limb movement per beat; volunteers thus completed 15 full step-ups 

every minute. 

Following the first condition, participants retained their instrumentation in place, 

but were rewarmed if needed in a warm bath, and then rested for about one hour 

in their own clothes, in thermoneutral air. Throughout this resting period, rectal 

temperature was monitored, and only after rectal temperature had resumed to at 

least the pre-test value, the second exposure commenced. Also, overall thermal 

comfort was verified, to confirm volunteers felt “comfortable” before they started 

again. Once rewarmed and rested, they entered the chamber for their second test 

of the day. 
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Measurements 

Thermal comfort assessment. Prior to the study each volunteer was familiarized 

with the concept and mode of entry of the subjective measurement scales. During 

the whole test, volunteers were asked to report orally their thermal comfort to the 

principal investigator. Throughout each of the eight experimental conditions, this 

assessment was conducted every 30 seconds on the “infinity” scale. Here, 

volunteers were invited to choose a number corresponding to their current overall 

thermal comfort, anything more than 0 being on the comfortable side, and anything 

less than 0 being on the uncomfortable side. The volunteer was told the score he 

gave in the last assessment and he was expected to rate his current thermal 

comfort relatively to this previous answer. In theory, each score could have been 

any number (positive or negative) as long as the arithmetic difference with the 

preceding one was somehow representative of the difference in the magnitude of 

the subjective feelings between the two times. In other words, the overall thermal 

comfort could have been worse than it was 30 seconds before, but we expected to 

be able to discover how much worse. The aim was to increase the resolution of 

the thermal discomfort assessment. In highly dynamic situations, we believed that 

people would have rapidly “bottomed out” the categorical scale (i.e. “very 

uncomfortable”) although skin temperatures would have continued cooling. 

Nonetheless, we did not expect this type of assessment to give much information 

about the actual thermal comfort state at a given time of the experiment. But we 

thought we would be able to define a clear limit between the comfortable (positive 

numbers) and the uncomfortable (negative numbers) status depending on the 

environmental conditions. Furthermore, this manner of scoring the subjective 

responses was compared with a more classical mode of entry, where the 

volunteers were asked every two minutes to pick one of the categories on the 

scale, from very comfortable to very uncomfortable (see General Methods, 

Chapter 3). This enabled the comparison between the two modes of entry, and 

constituted a reference for subsequent analyses. Finally, every five minutes during 

the post-immersion period, the volunteers were also asked what body region was 

the most uncomfortable. 
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Physiological measures. Local skin temperatures were measured by thermistors 

attached to selected skin sites, on the right side of the body, in anatomic position 

(dorsal side of hand, posterior side of forearm, outer side of upper arm, upper 

chest, lower back, anterior side of thigh, calf, and dorsal side of foot). Skin heat 

flows were measured by heat flow sensors at the same sites. Deep body 

temperature was measured at the rectum. An attempt was made to measure 

relative humidity at the skin microclimate. Humidity sensors (SHT15, MSR 

Electronics, GmHB, Switzerland) were placed on four specific body sites, three of 

them covered by the garments (chest, lower back and forearm). One sensor was 

attached to the hand which was exposed throughout the experiments. Sensors 

were placed close to the skin thermistors and heat flux sensors, between the skin 

and the garment. Data points were collected and recorded by the basic unit 

(MSR12 Basic Unit, MSR Electronics, GmHB, Switzerland) at 30 second intervals, 

and subsequently downloaded with MSR for Windows software 5.06. 

Analyses 

The absolute thermal comfort scores given on the infinity scale were subsequently 

normalized within participants: for each volunteer, the lowest figure reported over 

the whole study (across the eight conditions) was attributed the score “-100”, as 

100 % of discomfort ever experienced during the study. Similarly, the highest 

positive figure (corresponding to the comfortable side of the scale) reported on the 

infinity scale was given the score “100”, as 100 % of comfort. From there, all 

remaining positive (or equal to zero) figures were related to this maximum comfort, 

and all negative figures to the maximum discomfort. For example, volunteer S3 

reported “-200” in one condition, and this was the lowest score he ever gave 

during the whole study. It was subsequently transformed as 100 % of discomfort 

(or -100). The same volunteer reported “-50” on the infinity scale during another 

test. This vote corresponds to 25 % of the maximum discomfort this volunteer 

experienced, and was therefore attributed a value of -25. 

Before any analysis was conducted, it was confirmed that the data met the 

requirements and assumptions of each statistical test used. Thermal comfort and 

physiological data sets were compared using a one-way analysis of variance and 
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further tested using the Bonferroni post-hoc test. When necessary, paired-samples 

t-tests were conducted. The alpha level was set at 0.05. 

 

Results 

General observations 

Ten male participants were recruited for this study. They all completed the eight 

conditions. However, it was subsequently decided not to include one volunteer 

(S9) who reported, towards the end of his participation in the study, a possible 

habituation to cold water due to regular surfing. Therefore, and unless otherwise 

stated, the results only involve nine volunteers. All volunteers were adults under 

22 years old (Table 7.2), self-reported “moderately fit” to “very fit” on the Exercise 

and Health History Questionnaire of the University of Portsmouth. 

 

Table 7.2. Characteristics of the volunteers. 

Volunteer 
# 

Age 
(Year) 

Height 
(cm) 

Mass 
(kg) 

BSA/m 
(m²/kg) 

BSA 
(m²) 

Ʃ 4 Skin 
Folds (mm) 

Ʃ 8 Skin 
Folds (mm) 

BF % 

1 20.3 168.0 61.0 0.028 1.69 54 118 20.1 

2 18.1 186.0 66.0 0.029 1.88 24 62 10.5 

3 18.5 179.5 70.6 0.027 1.89 33 74 13.8 

4 18.2 181.0 98.2 0.022 2.19 48 112 18.4 

5 18.6 186.0 77.8 0.026 2.02 45 115 17.7 

6 18.8 176.5 59.5 0.029 1.74 22 47 9.3 

7 21.9 180.0 84.4 0.024 2.04 46 94 17.7 

8 18.7 177.0 66.8 0.027 1.83 53 115 19.6 

9 18.5 179.5 75.7 0.026 1.95 31 70 12.9 

10 21.3 183.5 74.3 0.026 1.96 46 90 17.7 

Mean 19.3 179.7 73.4 0.026 1.92 40 90 16 

SD 1.4 5.3 11.6 0.002 0.15 12 25 4 

 

Skin temperatures 

The various experimental conditions led to different skin temperature profiles 

(Figure 7.7). In all clothing conditions, during the pre-immersion period, mean skin 

temperature decreased at a rate which seemed to depend upon the wind 

conditions. During immersion, these differences were reduced to a minimum, as 

skin temperature was clamped to the water temperature. Post-immersion, mean 
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skin temperature initially decreased in all conditions but the rates of change and 

absolute changes varied. After this first period of cooling, a reduction in the rate of 

change of skin temperature was observed before it started to increase again. 

 

 

Figure 7.7. Average mean skin temperature of volunteers exposed to various wind 

speeds in different clothing, before, during, and after immersion (n = 9). 

 

Relative humidity 

These general patterns might be related to the relative humidity measured on the 

skin. Unfortunately, most relative humidity measures were unusable; due to the 

design of the sensors, it seems that some liquid water got trapped within the 

measuring part of the device, which only gave maximum readings until complete 

evaporation of the water. This did not seem to be an issue during pilot tests when 

conducted at rest. It is therefore suspected that the swimming periods forced the 

water to enter this part of the sensor. However, Figure 7.8 shows the values 

recorded on some skin sites, and reflect the expected evolution of the water 

content in the garment, or the relative humidity on the skin (for the Swim briefs 

condition).  
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Figure 7.8. Examples of relative humidity measured on the skin. Each slope 

represents the averaged relative humidity, calculated by computing measures 

taken at the chest, the forearm and the lower back. The means displayed for each 

of the three conditions belong to three different volunteers (S1, S5 and S10). RH = 

60 % to 70 %. 

 

In the Cokoune condition, presenting a wind and waterproof coating, the water 

content of the inner layer in contact with the skin remained constant after the 

immersion. In the high evaporative cooling profile garment (Macogaï), the water 

continuously evaporated from the fabric in contact with the skin, as seen by the 

decrease in relative humidity, and is reflected by the greater drop in mean skin 

temperatures post-immersion, when compared to other conditions. A comparable 

pattern can be observed in the Swim briefs condition, but the decrease in water 

content, and, in turn, in mean skin temperature did not last as long. 

Rectal temperature 

Figure 7.9 shows the average rectal temperature for each condition, throughout 

the experiment. In the resting conditions, a general and consistent pattern can be 

described. During the pre-immersion period, when exposed to the wind, rectal 

temperatures increased in a similar way during both resting and exercising 
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conditions. However, for the resting conditions, immersion soon resulted in a 

decrease in rectal temperature, before it started to rise again during the post-

immersion period, to finally reach a plateau. 

 

 

Figure 7.9. Mean rectal temperature of volunteers exposed to various wind 

speeds in different clothing, before, during, and after immersion (n = 9). 

 

When exercising in the Swim briefs condition, rectal temperature continuously 

increased during the experiment including during the immersion. The impact of 

exercise on deep body temperature is best seen when looking at the changes in 

rectal temperatures from the beginning of the exposures for the two Swim briefs 

conditions in low wind, either at rest or during exercise (Figure 7.10). 
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Figure 7.10. Mean change in rectal temperatures of volunteers, at rest or when 

exercising, in Swim briefs with 1 m.s-1 wind, before, during, and after immersion (n 

= 9). 

 

We can see that during the pre-immersion period the rectal temperature followed a 

similar trend in both conditions, whereas diverging patterns were observed shortly 

after entering the water. Post-immersion, rectal temperature seemed to increase 

faster when exercising than when resting, to finally reach a mean (SD) change 

over the study of 0.46 (0.16) °C. In the resting condition, a plateau was seen 

during the last 10 minutes of exposure, and seemed to be closer to the values 

obtained just before the immersion. 
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Thermal comfort 

Infinity and categorical scales. Across all 80 tests, the absolute comfort scores 

reported on the infinity scale ranged from 55 to -210. In parallel, a categorical 

scale was used to complete the assessment of thermal comfort. To ensure the 

negative figures provided on the infinity scale corresponded to a thermally 

uncomfortable experience, and the positive figures to a comfortable one, both 

scales were compared to each other before normalization. Figure 7.11 illustrates 

the relationship between the two scales.  

 

 

Figure 7.11. Thermal comfort scores reported every two minutes on the 

categorical scale and those reported at the same time on the infinity scale 

(absolute figures), across all tests (n = 10). 

 

The scores displayed only include those collected every two minutes on the 

categorical scale and those reported at the same time on the infinity scale 

(absolute figures), across all tests, for all volunteers. It appears that the subjective 

experience of thermal comfort or discomfort was relatively consistent across the 

two modes of entry. This figure shows that the “neutral point” was at the same 
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place for both scales, and that positive and negative scores on the infinity scale 

corresponded to comfort and discomfort categories on the categorical scale. 

In 12 of 80 tests, involving three volunteers, thermal discomfort was not 

experienced post-immersion. Here we present the values of some physiological 

variables recorded when thermal comfort was at its lowest point in each condition, 

for these twelve situations (n = 3). The mean (SD) rectal temperature was 37.39 

(0.18) °C, mean skin temperature was 27.19 (0.33) °C. The average rate of 

change of mean skin temperature was 0.1 °C.min-1 when skin temperature was 

increasing, with a maximum of 0.2 °C.min-1, and in those cases where skin 

temperature was cooling -0.45 °C.min-1 with a maximum of -0.73 °C.min-1. Of the 

three volunteers who, in some conditions, did not feel any discomfort, one of them 

later admitted he was used to surfing all year in the United Kingdom, once or twice 

a month. This volunteer (S9) only reported being uncomfortable in three of the 

eight conditions and was therefore not included in the rest of the analysis. 

Amongst the remaining 72 tests, thermal discomfort was experienced in 65 of 

them. 
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Figure 7.12 represents the overall thermal comfort after normalisation, during the 

experiment. 

 

 

Figure 7.12. Mean overall thermal comfort during all exposures, after within 

subjects normalization to the maximum or minimum absolute value. A score of 100 

corresponds to the maximum thermal comfort experienced by an individual across 

all conditions. A score of -100 relates to the greatest discomfort reported across all 

conditions (n = 9). 

 

Figure 7.13 represents the data for the main phases of thermal comfort and the 

corresponding physiological data, in all clothing conditions, to enable comparison. 

In all conditions, a general pattern can be observed post-immersion, with four main 

phases. Following immersion, maximum discomfort was experienced (1), it then 

started to improve again (2), and was finally re-established (3) (positive values). 

These three main phases were consistent across the study but the extent to which 

discomfort was experienced, for example, depended on the conditions. A fourth 

phase can also be observed and corresponds to the last minutes of the post-

immersion period where thermal comfort returned to its pre-immersion levels (4). 
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Figure 7.13. Mean overall thermal comfort, mean skin, and mean body 

temperatures (calculated with two different formula) during all exposures (n = 9). 
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The phases can be identified in the thermal comfort data: 

Phase 1. Maximum discomfort was experienced (Figure 7.13). The first phase 

corresponds to the first three minutes of the post-immersion period (from minute 

20 to minute 23 of the experiment) when thermal comfort reaches its lowest point. 

In this phase: 

• The smallest drop in thermal comfort was associated with windproof 

garments (Cokoune). The cooling rate of mean skin temperature measured 

every 30 seconds was averaged over the period going from the 20th minute 

to the 23rd minute of the experiment. The fastest cooling rate with the 

windproof garment was found for the Cokoune – 4 m.s-1 wind – Rest 

condition, where the mean (SD) cooling rate of mean skin temperature was 

-0.4 (0.2) °C.min-1. At the end of the three minute period in this condition, 

mean skin temperature had dropped to approximately 27.4 (0.7) °C. 

• In the Swim briefs – 1 m.s-1 wind – Exercise condition, not much water was 

held on the skin, the wind speed was low, and exercising probably helped 

to maintain skin blood flow: therefore, the fall in mean skin temperature was 

limited in this condition. 

• The biggest drop in thermal comfort was associated with non-windproof 

garments (Macogaï). The fastest cooling rate for this non-windproof 

garment was found for the Macogaï – 4 m.s-1 wind – Rest condition, where 

the mean (SD) cooling rate of mean skin temperature was -0.8 (0.3) °C.min-

1. At the end of the first three minute period post-immersion mean skin 

temperature had dropped to approximately 25.8 °C (0.6) °C.min-1 in this 

condition. 

• The greatest thermal discomfort score occurred in this phase in each 

condition, and mean skin temperature was cooling in 55 of 65 tests: the 

mean (SD) cooling rate of mean skin temperature was -0.68 (0.21) °C.min-1. 

In approximately 8 % of the cases (5 of 65), the greatest discomfort score 

was reported when mean skin temperature had stabilized, as measured by 

a rate of change between -0.05 °C.min-1 and 0.05 °C.min-1. Table 7.3 
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presents a sample of the thermal profiles recorded for each volunteer when 

maximal discomfort was experienced across the whole study. 

 

Table 7.3. Absolute mean skin temperature (��sk), rate of change of mean skin 

temperature (d��sk/dt), and rectal temperature (Tre) at the point of greatest 

discomfort experienced by each volunteer across all conditions. 

S1 S2 S3 S4 S5 S6 S7 S8 S10 Mean  SD 

T�sk ( °C) 26.9 26.4 26.2 27.5 27.5 26.6 26.3 27.3 27.1 26.9 0.50 

dT�sk /dt 
( °C.min-1) 

-1.32 -0.50 -0.99 -1.17 -1.38 -0.39 -0.76 -0.64 -0.51 -0.85 0.37 

Tre ( °C) 37.1 36.9 36.9 37.0 37.5 36.7 37.2 37.3 37.1 37.1 0.23 

 

 

To further investigate what determined the point of greatest discomfort, we 

focused on the relationships between absolute mean skin temperatures and rates 

of change of mean skin temperature when participants were at their most 

uncomfortable. Rectal temperature is not included since variation over these 

periods was minimal, and absolute levels were within the normothermic range. 

Table 7.4 shows several indexes produced when various weightings were 

attributed to absolute temperatures and cooling rates at that point. 
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Table 7.4. Indexes calculated from different combinations of weightings for 

absolute (��sk) and rate of change (d��sk/dt) of mean skin temperature at the point 

of greatest discomfort experienced by each volunteer. 

S1 S2 S3 S4 S5 S6 S7 S8 S10 Mean  SD CV 

0.8 * T�sk
 + 0.2 * dT�sk

 /dt 21.3 21.0 20.8 21.8 21.7 21.2 20.9 21.7 21.3 21.3 0.37 0.0172 

0.7 * T�sk + 0.3 * dT�sk
 /dt 18.4 18.3 18.1 18.9 18.8 18.5 18.2 18.9 18.6 18.5 0.31 0.0167 

0.6 * T�sk
 + 0.4 * dT�sk

 /dt 15.6 15.6 15.3 16.1 15.9 15.8 15.5 16.1 15.9 15.8 0.26 0.0166 

0.5 * T�sk
 + 0.5 * dT�sk

 /dt 12.8 12.9 12.6 13.2 13.0 13.1 12.8 13.3 13.3 13.0 0.25 0.0189 

0.4 * T�sk
 + 0.6 * dT�sk

 /dt 10.0 10.3 9.9 10.3 10.2 10.4 10.1 10.5 10.5 10.2 0.23 0.0228 

0.3 * T�sk
 + 0.7 * dT�sk

 /dt 7.1 7.6 7.2 7.4 7.3 7.7 7.4 7.7 7.8 7.5 0.24 0.0326 

 

 

To identify the combination of weighting that fluctuated minimally across all 

volunteers, and which would therefore be the most consistent, the coefficients of 

variation (CV) were examined. A weighting of 0.6 to 0.7 for absolute mean skin 

temperature, and 0.4 to 0.3 for its cooling rate showed the smallest variations 

across volunteers. 

 

When the lowest overall thermal comfort was experienced in each condition 

(including situations where discomfort was not experienced), we asked volunteers 

to tell the investigator what body region was the most uncomfortable (or least 

comfortable). The table below shows the reports for 72 tests (Table 7.5). In all but 

two conditions (Cokoune at both wind speeds), the chest was the most often 

reported site of most discomfort. When wearing Cokoune, in 2 m.s-1 and 4 m.s-1 

wind, the hands were reported as the site of greatest discomfort. 
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Table 7.5. Body region reported the least comfortable when overall thermal 

comfort was at its lowest point post-immersion. 

Swim 
briefs 

Swim  
briefs 

Swim 
briefs 

Swim 
briefs 

Cokoune Cokoune Macogaï Macogaï 

1 m.s-1 

Exercise 
1 m.s-1  
Rest 

2 m.s-1  
Rest 

4 m.s-1  
Rest 

2 m.s-1  
Rest 

4 m.s-1  
Rest 

2 m.s-1 
Rest 

4 m.s-1  
Rest 

S1 thighs trunks trunks chest thighs chest arms arms 

S2 chest lowerback lowerback lowerback feet chest lowerback lowerback 

S3 upperarm upperback back arms hands hands chest upperback 

S4 abdomen chest chest chest hands hands chest chest 

S5 hands lowerback chest chest hands/feet hands forearms chest 

S6 thighs calves thighs calves calves thighs abdomen chest 

S7 upperarm thighs chest thighs calves hands shoulders sides 

S8 hands toes toes hands hands/feet hands lowerback lowerback 

S10 chest chest chest lower legs lower legs hands chest thighs 
 
         

 

 

Phase 2: Improvement in thermal comfort (Figure 7.13). The second post-

immersion phase corresponds to the linear increase observed in thermal comfort, 

from the 23rd to the 40th minute of the experiment. 

• A linear increase occurs in thermal comfort despite a continued rate of fall 

in mean skin temperature in some conditions (Macogaï – 2 m.s-1 wind – 

Rest; Macogaï – 4 m.s-1 wind – Rest condition; Swim briefs – 4 m.s-1 wind – 

Rest) over a ten minute period (23rd to 33rd minute of the experiment). 

• In approximately 70 % of the tests (45 of 65), mean skin temperature was 

still cooling during this phase when thermal comfort was improving. In 37 of 

these tests mean skin cooling rate was slower than when the greatest 

discomfort was reported. In 12 tests, discomfort started to be reduced when 

mean skin temperature was stable. 

 

 

 



 154

Phase 3: Responses when thermal comfort was re-established (i.e. 

volunteers thermal comfort vote rises above 0) (Figure 7.13) 

In 54 of 65 tests, thermal comfort was eventually re-established. At that point, 

mean skin temperature was increasing in less than half of these cases. It was also 

lower than that at the point of greatest discomfort in more than 72 % of the 

occasions (39 of 54 tests). 

 

Phase 4: Pre-immersion thermal comfort re-established (Figure 7.13). The 

fourth phase corresponds to the last 5 minutes of the post-immersion period when 

pre-immersion thermal comfort levels were re-established. 

• In the last five minutes of the post-immersion period, in most conditions, 

thermal comfort, mean skin temperature and mean body temperature had 

plateaued. However, whilst thermal comfort appears to have returned to 

pre-immersion levels, mean (SD) skin temperature remained, on average, 

across conditions, 4 (1.3) °C lower. To explore the impact of mean (SD) 

body temperature on thermal comfort following immersion, equivalent 

weightings were attributed to skin and rectal temperature in the formula 

used, according to the work from Frank et al. (1999). It seems that although 

thermal comfort have returned to pre-immersion levels, mean body 

temperature remained, on average, across conditions, 1.9 (0.67) °C lower 

than at the beginning of the experiment. 

 

Within each condition we also investigated the differences in rectal and mean skin 

temperature, as well as in the rate of change of mean skin temperature across 

these three possible outputs (when the lowest thermal comfort score was reported, 

when it started to improve, and when it was re-established). The results from one 

way repeated-measures ANOVA are presented in Table 7.6. 
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Table 7.6. Results from the comparisons of rectal temperature (Tre), mean skin 

temperature (T�sk), and rate of change of mean skin temperature (dT�sk /dt) across 

three main stages post-immersion. Within each condition, variables are 

significantly lower or higher in one stage than in the other ones when P < 0.05 (n = 

7). NSD = non-significant difference. 

LOWEST TC VOTE 
REPORTED 

TC STARTED TO 
IMPROVE 

TC WAS RE-
ESTABLISHED 

Tre 
(°C) 

��sk 

(°C) 
d��sk /dt 
(°C.min-1) 

Tre 
(°C) 

��sk 

(°C) 
d��sk /dt 
(°C.min-1) 

Tre 
(°C) 

��sk 

(°C) 
d��sk /dt 
(°C.min-1) 

Swim briefs 1 m.s-1 

Exercise 
- NSD NSD NSD NSD NSD + NSD NSD 

Swim briefs 1 m.s-1 Rest NSD + NSD NSD - NSD NSD - NSD 

Swim briefs 2 m.s-1 Rest - NSD NSD + NSD NSD + NSD NSD 

Swim briefs 4 m.s-1 Rest NSD NSD NSD NSD NSD NSD NSD NSD NSD 

Cokoune 2 m.s-1 Rest - NSD + NSD NSD - + NSD NSD 

Cokoune 4 m.s-1 Rest NSD NSD + NSD NSD - NSD NSD - 

Macogaï 2 m.s-1 Rest NSD NSD NSD NSD NSD NSD NSD NSD NSD 

Macogaï 4 m.s-1 Rest - NSD + - NSD NSD + NSD - 

 

 

 

 

 

 

 

 

 

 

 

 



 156

Table 7.7 summarizes the events occurring at the three main stages of thermal 

comfort following the immersion period, and their frequencies. 

 

Table 7.7. Frequencies and percentages of events occurring during the three main 

stages of thermal comfort (TC) post-immersion (n = 9). 

 

 

 

The impact of mean skin temperature cooling rate on thermal comfort was further 

investigated by comparing it with the pre-immersion period within participants. We 

looked at the tests in which the average cooling rates from the 1st to the 5th minute 

(in air, pre-immersion) were similar to, or greater than, those immediately following 

immersion. The results are presented in Table 7.8.  

 

Total %

had not dropped 3 4.6

had dropped 62 95.4

was cooling 55 84.6

was stable 5 7.7

was increasing 5 7.7

lower than when the worse score was given 49 75.4

similar to that when the worse score was given 9 13.8

higher than when the worse score was given 7 10.8

cooling at a similar rate to that when the worse score was given 8 12.3

cooling slower than when the worse score was given 37 56.9

(beginning of Phase 2) stable 12 18.5

increasing 8 12.3

lower than when the worse score was given 39 72.2

similar to that when the worse score was given 5 9.3

higher than when the worse score was given 10 18.5

cooling at a similar rate to that when the worse score was given 2 3.7

cooling slower than that when the worse score was given 11 20.4

stable 15 27.8

increasing 25 46.3

TC was never re-established 11 16.9

When TC was re-established (rised above 0),

mean skin temperature was:

(Phase 3)

 mean skin temperature:

When the lowest TC was reported,

When TC started to improve,

mean skin temperature was:

(Phase 1)



 157

Table 7.8. Sample of variables recorded as mean skin temperature was cooling, 

pre- and post-immersion. The two periods cover four minutes each, from minute 1 

to 5, and 18 to 22.  

Pre-
immersion 

Post-
immersion 

Tre ( °C) 37.2 (0.3) 37.2 (0.2) 

∆T�sk ( °C) -2.1 (0.5) * -1.4 (0.5) 

T�sk intial ( °C) 30.5 (0.5) ** 28.3 (0.2) 

T�sk final ( °C) 28.5 (0.8) ** 26.8 (0.6) 

dT�sk /dt  ( °C.min-1) -0.53 (0.15) * -0.34 (0.13) 

∆TC ** -19 (25) -109 (38) 

 

Note: *represents significant difference between the two periods, pre- and post-immersion. 
* P < 0.05; ** P < 0.01. Values are means (SD). (n = 6). 

 

Of the six tests in this analysis, four were conducted in Swim briefs with 4 m.s-1 

wind, one in similar clothing but with 2 m.s-1 wind, and the other one was 

undertaken in the Cokoune condition with 4 m.s-1 wind, each test involved a 

different volunteer. Rectal temperatures were similar between the two periods. The 

mean (SD) change in skin temperature within each period was significantly greater 

pre-immersion (-2.1 [0.5] °C) than post-immersion (-1.4 [0.5] °C), (P = 0.017). The 

ranges of mean skin temperature were different, as illustrated by the initial and 

final values pre-immersion and post-immersion (see Table 7.6). Although the 

mean [SD] cooling rate was higher pre-immersion (-0.53 [0.15] °C.min-1) than post-

immersion (-0.34 [0.13] °C.min-1) (P = 0.012), the mean (SD) change in thermal 

comfort was significantly greater post-immersion (-109 [38]) than pre-immersion (-

19 [38]), P < 0.001. 

Exercise and thermal comfort. To explore the impact of exercise on thermal 

comfort, we looked at overall thermal comfort during immersion when swimming 

and resting. For each volunteer and within each condition, the scores reported 

during the swimming periods were averaged, and compared to those averaged 

during the resting periods. The same was done for mean body temperature, to 

make sure these were similar. Paired-samples t-tests were conducted within 
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conditions. In four of eight experimental conditions, the averaged mean body 

temperatures over the swimming periods were significantly higher than those 

averaged during the resting periods. Across these four conditions, the mean [SD] 

mean body temperature was (34.37 [0.24] °C at rest and (34.39 [0.25] °C during 

swimming, with a mean [SD] difference between the two of (0.02 [0.02] °C). In 

Swim briefs – exercise - 1 m.s-1 wind condition, mean [SD] mean body 

temperature was significantly higher in the resting periods (34.36 [0.23] °C) than in 

the swimming periods (34.35 [0.23] °C), P = 0.04 (n = 9). In the remaining three 

conditions, no significant difference was observed in mean body temperature 

between the swimming and the resting periods. The same analysis was conducted 

on the thermal comfort scores, and the results are illustrated in Figure 7.14. The 

figure shows that in all but one condition, thermal comfort was significantly higher 

when swimming than when resting. 

 

Figure 7.14. Mean (SD) overall thermal comfort score (normalized to maximum 

comfort) during the swimming and resting periods of immersion, in the eight 

experimental conditions. 

Note: *represent significant differences between resting and swimming within conditions. * P < 
0.05; ** P < 0.01 (n = 9). 

 

 

A one way repeated-measures ANOVA was conducted across all conditions, on 

the differences in thermal comfort between the swimming and the resting periods. 

The analysis revealed the significant difference seen between resting and 

swimming were similar in all conditions, with a mean (SD) difference of 13.2 (3.1). 
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Discussion and Conclusions 

 

The aim of this study was to explore the impact of evaporative cooling on thermal 

comfort following immersion. After a period of activity in the water, volunteers 

wearing different types of garments were exposed to various wind speeds, at rest 

or when exercising. The aim of the study was not to compare the effect of different 

clothing conditions following immersion. A large number of experimental conditions 

was used to produce a wide range of absolute and rate of change of skin 

temperature responses. Indeed, the experiment was designed to create different 

thermal profiles, ranging from cold and cooling mean skin temperature with a 

stable or falling deep body temperature to cool and stable mean skin temperature, 

with rising deep body temperature. As expected, these various thermal profiles 

were associated with different thermal comfort responses, which are discussed 

below.  

In situations where thermal discomfort was never experienced, which involved two 

volunteers, no obvious difference in their thermal profiles could explain why they 

remained comfortable throughout the exposures. Other volunteers with similar or 

higher rectal and mean skin temperature became uncomfortable or very 

uncomfortable. This observation supports the conclusion that thermal comfort is, 

by essence, a very personal thing, driven by interpretation and past experience 

(Leblanc et al., 2003); large variations between individuals are inevitable. To try to 

measure this highly subjective response, a new scale was designed for the 

experiment, with a particular hope that we would gain accuracy in the measure of 

cold discomfort. 

Due to the numerous experimental conditions, a wide range of thermal responses 

were obtained which, in turn, enabled us to collect a great variety of thermal 

comfort scores. Given the environmental conditions of the study, it is not surprising 

that the predominant response following immersion was on the uncomfortable side 

of the scale. Once wet in the wind, volunteers rapidly “bottomed out” the classic 

categorical scale but could continue to report increasing discomfort on the “infinity” 

scale. A narrower range of responses was given at the comfortable end of the 

scale. This reflects the fact that, unlike discomfort, there is only a limited number of 
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degrees of thermal comfort (Zhang, 2003; Zhang and Zhao, 2009). Once 

normalized to the maximum and minimum absolute values within volunteers, the 

infinity scale was useful for investigating thermal discomfort. To the authors’ 

knowledge, this is the first time such a scale has been used for thermal comfort, 

and it has proven to be relevant to the situation, and easy to use in practice. 

Following a water-based activity, four main stages were observed in the evolution 

of thermal comfort. The first one was defined by the point of greatest discomfort for 

each experimental condition. At that point, large physiological data sets were 

recorded, and include local and mean heat flows and skin temperature, as well as 

rectal temperature. When the highest discomfort was reported, although mean 

skin temperature was cooling in the vast majority of the tests, on some occasions 

it had stabilized, or was increasing (Figure 7.13). On that basis, we cannot accept 

the hypothesis that discomfort will always be associated with cooling skin 

temperature.  

Soon after the point of highest discomfort, thermal comfort started to improve 

again. This second stage occurred under interesting circumstances. Indeed, in a 

relatively large proportion of the tests (approximately 70 %), although the 

differences were not always significant between the two stages, mean skin 

temperature was still cooling when discomfort started to reduce. From this 

observation, we cannot accept the hypothesis that thermal comfort will only 

improve when skin temperature increases. Following immersion, deep body 

temperature measured at the rectum was continuously increasing, at a mean rate 

of approximately 0.4 °C.h-1 in resting conditions, and about 0.8 °C.h-1 in the 

exercising condition. Although consistent, in the present study, the increase in 

rectal temperature is unlikely to be responsible for the improvement in thermal 

comfort as only very few minutes passed between these two consecutive stages. 

In the majority of these tests where thermal comfort improved as skin temperature 

was still cooling, the cooling rate was slower than when the greatest discomfort 

was reported. We accept the hypothesis that discomfort would be less intense 

when skin temperature cools slower. However, the mechanisms behind this 

remain uncertain, but in the present experimental configuration, must be related to 

diminished afferent neurophysiological input. 
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It is agreed that in response to thermal stimuli, peripheral thermoreceptors will 

demonstrate a peak in their impulse frequency, and then rapidly adapt by reducing 

this firing rate (Hensel, 1981). In the conditions of the present study, it is assumed 

that the biggest part of thermal comfort was driven by peripheral receptors, via 

afferent thermal input (Bezinger, 1969; Zhang and Zhao, 2009). Hence, when 

discomfort started to reduce, it could have been due to a reduction in the 

frequency of discharge of cold thermoreceptors. However, the precise reason for 

such a reduction in frequency is unclear because as the cooling rate reduced, time 

also passed. Therefore, the improvement in comfort may be the consequence of 

the “natural” adaptation of peripheral receptors with time, or to the fact that the 

cooling rate of skin temperature reached a threshold below which it was not 

stimulating discomfort anymore. One argument in favour of a time-related 

adaptation is that in some cases (about 20 %) thermal comfort started to improve 

as skin temperature stabilized. It is very likely that this constant stimulus enabled 

the rapid adaptation of peripheral receptors, which in turn reduced their discharge 

frequency Kenshalo and Duclaux, 1977). This lower firing rate would have led to a 

decrease in cold sensation and, consequently, to reduction of cold discomfort. 

When discomfort was experienced, the hands and chest were the body regions 

most often reported as the least comfortable. The hands were reported mainly in 

the two Cokoune conditions, where most other body parts were protected from the 

evaporative cooling. Within this clothing condition and following immersion, the 

hands were amongst the coldest regions of the body (mean (SD) skin temperature 

over the first five minutes following immersion was 26.07 (0.9) °C), but were not 

any colder than in other experimental conditions (26.54 (1.01) °C). The fact that 

they were not reported in the six remaining conditions supports the idea that the 

extremities are, relatively to other body parts, tolerant to cool stimuli (Zhang, 2003; 

Wang et al., 2007), which is in good agreement with our previous immersion 

experiments. In Study Three, although different volunteers were used, it was seen 

that when wearing light clothes in thermoneutral air environment (21 °C), the 

hands were amongst the coldest regions of the body (mean (SD) finger skin 

temperature was 24.6 (0.7) °C), and were colder than in this period post-

immersion. Altogether, this raises the possibility that their influence on overall 

thermal comfort was enhanced because they were the main cold input areas, as 
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suggested in our previous studies. This phenomenon is commonly observed when 

one feels the face being uncomfortably cold on a windy winter day, as it is the only 

region exposed. Had the whole body been exposed, the face would have only had 

a minimal impact on thermal comfort. Likewise, immersing only one hand in cold 

water might not trigger the same local sensation than when the whole body is 

immersed. Despite these observations, specific research has never been done to 

investigate this concept. Therefore, regardless of the absolute local temperature, 

an interesting factor to consider might be the difference in skin temperature 

between two adjacent regions, when one is heavily protected, and the other is 

directly exposed to the environment.  

On the contrary, when the chest was reported to be the most uncomfortable region 

post-immersion, it was amongst the warmest regions (mean (SD) skin temperature 

over the first five minutes following immersion was 27.6 (1.11) °C), which 

strengthens the belief that this body part demonstrates a relatively low tolerance to 

cold stimuli, when compared with other regions directly exposed to the wind. This 

is in good agreement with our previous findings from Study Two, and, to some 

extent, with those from other reports on the cold sensitivity of the chest and trunk 

regions (Stevens, 1979; Ouzzahra et al., 2012). Regarding the influence of the 

chest on overall thermal comfort, our observations are also supported by studies in 

which a cold stimulus applied to this region increased general thermal discomfort 

(Zhang, 2003; Nakamura et al., 2008). 

However, the reasons behind this apparent greater influence on thermal comfort 

remain unclear, and we cannot, for example, exclude the possibility that the 

greater surface area of the chest has enhanced its impact on overall thermal 

comfort. It has been shown that a reduction in the cold threshold could be 

observed when the stimulation area is increased, and this was proposed to be due 

to the activation of a larger number of sensitive units (Defrin et al., 2009). It is 

difficult to quantify the cold receptor density in human skin, but it may be possible 

to estimate it when one assumes a direct correlation with the density of cold spots, 

that is at least one receptor per spot (Hensel, 1981). Upon this criterion, it is 

generally reported that the face (especially the lips) demonstrate a relatively high 

density of cold receptors, followed by the chest (Strughold and Portz, 1931). 
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However, it seems that cold stimulation is more tolerated on the face than it is on 

the chest (Nakamura et al., 2008). Therefore, a direct relationship between the 

density of cold receptors within a body region and the impact it has on overall 

thermal comfort cannot be established with certainty. From the present 

experiment, no clear explanation can be formulated. Nevertheless, observations 

made in Study Three may provide further insight. In Study Three, although a 

different cohort of volunteers was used, we observed that in thermoneutral air 

environments the chest was amongst the warmest regions of the body, with mean 

local skin temperatures approximating 34.5 °C. Under thermoneutral air 

conditions, thermoreceptors on the skin of the chest are likely to display a static 

discharge frequency, reflecting adaptation to the relatively high temperature of this 

region in “natural” situations. Evaporative cooling in this region will have caused a 

great change of skin temperature (around 7 °C), which increased the cold 

receptors firing rate. In comparison, the same evaporative cooling on the forearms 

for example will have initiated a relatively small dynamic response from the cold 

sensitive fibres due to their lower adapting temperature, as shown in Study Three. 

As a consequence, the influence of the chest on thermal comfort was greater than 

that of the forearms. Although strongly suggested by our findings from Study 

Three, these speculations require further specific research. Additional 

experimentation is proposed in the relevant section (Chapter Ten) to explore this 

question. 

Given these discrepancies in the importance between body parts, it was thought to 

be interesting to further explore the relationships between cooling rates and 

absolute skin temperatures by alternatively including in an analysis local skin 

temperatures, rather than (or in addition to) mean skin temperature. The numerous 

possible combinations between the different variables bring the necessity for a 

software-based analysis. Although our first manual approach sheds light on what 

could determine discomfort post-immersion, this investigation is currently being 

refined in the hope that a constant combination of variables will be found across all 

experimental conditions using data mining and fuzzy logic. A somewhat similar 

approach has produced fruitful results for the assessment of overall thermal 

sensation in mild indoor environments (Choi and Loftness, 2012).  
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We saw that in a relatively large proportion of the tests, thermal comfort was re-

established although mean skin temperature was lower than when the greatest 

discomfort was experienced. On that basis, we can accept the hypothesis that 

thermal comfort will be relatively independent of absolute mean skin temperature. 

Rectal temperature at that time had slightly but consistently increased. We cannot 

exclude the possibility that this internal input might have played a role in the 

overall thermal comfort, more so when comfort recovery occurred as skin 

temperature was still cooling, or had stabilized (Frank et al., 1999). However, we 

observed that similar cooling rates were associated with very different changes in 

thermal comfort depending on the mean skin temperature situation, pre- or post-

immersion. Thus, it is seems plausible that a threshold in mean skin temperature 

plays a role in the determination of intense discomfort. Based on the results of this 

study, we can estimate that this threshold would be around 27 °C, associated with 

a cooling rate of at least 0.85 °C.min-1. This supports the finding from our 

preliminary approach (Table 7.4), which suggested that at the point of greatest 

discomfort, the weighting of absolute mean skin temperature might be slightly 

greater (0.6) than that given to the rate of cooling (0.4). 

By using an infinity scale covering both comfort and discomfort, it was also 

possible to assess the extent to which thermal comfort was re-established. By 

comparing the positive scores post-immersion to those obtained pre-immersion, 

we observed that in more than half of the cases where comfort was re-established 

(29 of 54), the scores reached higher values than before the immersion. However, 

mean skin temperature following the immersion was several degrees lower than 

pre-immersion. At that point, on most occasions the maximum increase in rectal 

temperature when compared to the values pre-immersion was less than half a 

degree. This phenomenon happened notably when wearing minimal clothing, with 

wind at 1 m.s-1. For eight volunteers this occurred in the exercising (stepping) 

condition, whilst in the same clothing and wind condition but at rest, only three of 

these volunteers reported higher comfort scores post-immersion than they did pre-

immersion. This observation might suggest a role for the rate of increase of rectal 

temperature, as it was consistently faster in the exercising condition. 
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To explore the extent to which the Fourth phase (thermal comfort back to pre-

immersion level) was due to an integration of thermal afferents from deep body 

and skin temperature, the patterns of mean body temperature were compared to 

those of thermal comfort, post-immersion (Figure 7.11). Mean body temperature is 

generally calculated using the formula from Gagge and Nishi (1977) (	T� b= 0.67 Tre 

+ 0.33 T�sk). This formula is based on the estimation of the relative contribution of 

the “core” and the “shell” of the body for heat exchange estimations, rather than 

their input to thermal comfort. A more relevant formula would perhaps be taken 

from the work from Frank et al. (1999), who showed that skin and rectal 

temperatures equally contribute to thermal comfort. Mean body temperature for 

thermal comfort may therefore be estimated as follows: 	T� b= 0.5 Tre + 0.5 T�sk. It 

appeared that towards the end of the post-immersion period when thermal comfort 

returned to what it was at the beginning of the experiment (Phase 4), the average 

mean body temperature was lower than pre-immersion. To observe similar 

patterns between mean body temperature and thermal comfort at the end of the 

post-immersion, it would be necessary to attribute an unrealistic weighting of 

probably 0.9 for deep body temperature. This supports the idea that thermal 

comfort depends on a variety of thermal and non-thermal factors. 

Another possible explanation would be that intense discomfort had recently been 

experienced. The relief from this stressful situation would be interpreted as a 

pleasant feeling, which, combined with thermal comfort, would produce a “very 

comfortable” score, despite thermal profiles that would normally lead to discomfort. 

This is in good agreement with other work where this “overshoot” response was 

mostly observed when thermal discomfort was locally removed (Zhang, 2003; 

Arens et al., 2006). 

From the above observations, it can be proposed that two types of comparisons 

may be influencing overall thermal comfort; the adjacent local skin temperature, 

and a recent experience. 

Alternating between swimming and resting periods during the immersion enabled 

us to investigate the impact of activity per se on thermal comfort. In almost all 

tests, the swimming period was associated with higher comfort scores. Thermal 

comfort was improved by the activity, and we can accept the hypothesis (exercise 
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improves thermal comfort). Recent work has shown a reduced cold thermal 

sensitivity during exercise, but the impact on thermal comfort was not investigated 

(Ouzzahra et al., 2012). In our experiment, the flume flow rate was kept constant 

throughout the immersion period, so that skin temperatures would remain similar 

between swimming and resting. The positive impact of swimming on thermal 

comfort was seen whether rectal temperature was increasing or decreasing during 

the immersion period (Figures 7.7, 7.8 and 7.12). It seems unlikely that the 

differences observed in mean body temperatures between the two periods are 

sufficient to explain this result, as they were particularly small. In addition, the 

effect of the activity was similar across all clothing conditions. Altogether, this 

strongly supports the idea that the positive impact of swimming on thermal comfort 

was due to the activity per se, rather than a thermal effect.  

Other factors that we did not measure in our study might have been involved: 

exercise has been reported to influence subjective responses such as pain (Koltyn 

and Arbogast, 1998). In addition, hormonal mechanisms have been proposed to 

explain the influence of exercise on thermal sensitivity (Kemppainen et al., 1985). 

However, no direct evidence has ever been provided regarding thermal comfort. It 

was shown that the transmission of cutaneous information to the central nervous 

system could be reduced by voluntary movements, probably due to inhibitory 

mechanisms on the synaptic system (Ghez and Lenzi, 1971). It is therefore 

possible that activation of mechanoreceptors during swimming partially 

suppressed the input of cold receptors to the somatosensory cortex.  

It seems that these physiological factors cannot be ignored, and may have 

influenced thermal comfort responses during swimming. However, it has also been 

shown that psychological aspects such as attention could affect the detection of 

thermal stimuli (Busnell et al., 1985). Unlike walking or running, swimming (and 

most other water-based activities) is not a natural activity for most of us. Thus, it 

seems possible that a perfect technique is necessary before swimming turns into 

an intuitive exercise, requiring so little attention that discomfort would become the 

only distraction. Therefore, we speculate that in addition to physiological factors, 

focus and attention involved in swimming partly distracted the volunteers from 

discomfort. It is interesting to note that during immersion in cool or cold water, 



 167

most people would naturally start exercising, as if this was done to reduce cold 

discomfort. However, unlike in air, in cold water (including still water) this 

behaviour has been shown to be unrewarding as far as maintaining deep body 

and skin temperatures are concerned (Keatinge et al., 1960). In these cases, the 

fall in both skin and deep body temperature would eventually impair overall 

thermal comfort more rapidly than at rest. Therefore, the behaviour response of 

swimming when entering cool and cold water demonstrates that this action is 

driven by perception rather than reality. 

Conclusions 

This study was designed as an obvious and logical step in the investigation of 

thermal comfort during and following water-based activities. The sequence of 

events affecting thermal comfort post-immersion has been explored. In the 

condition of the experiment, absolute mean skin temperature was relatively less 

important than its rate of change. It was shown that discomfort could be reduced 

even when skin temperature was still cooling. This occurred mostly as the cooling 

rate was slowing down. It was also shown that thermal comfort could be re-

established despite a lower skin temperature than when it was lost. Although the 

front of the body was exposed to fanning, it was supported of earlier findings that it 

was the chest rather than any other of the fanned regions that was reported the 

most uncomfortable part when discomfort was experienced. In contrast, the 

extremities became dominant only when they were the only regions to be 

exposed. This may be explained by the higher adapting temperature of the chest 

than that of the hands (Study Three). From these findings, it can be advised that 

following a water-based activity, at rest or when exercising, the crucial point is to 

reduce the initial fast cooling rate in skin temperature as soon as possible to allow 

for adaptation of the peripheral thermoreceptors. 

It is also recommended that, in the common situation where the front of the body is 

exposed to wind post-immersion, the chest is particularly protected from the 

evaporative cooling effect, and that special attention should be given to the body 

parts remaining exposed. Finally, in most leisure scenarios comparable to the 

conditions of this study, being active in the water should help maintain thermal 

comfort by distraction effect rather, or in parallel with physiological factors.  
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Chapter 8  

 

Conclusions and recommendations 

The overall aim of the studies described in this thesis was to help improve the 

understanding of thermal comfort during water-based activities. Thermal and 

perceptual responses during and following immersion in cool and cold water, at 

rest and when exercising, were investigated. The main findings and the insight that 

may have been gained are presented in this chapter. 

Conclusions 

Thermal comfort during immersion 

In the conditions of our experiments it was shown that if the cooling rate can be 

kept slower than 1 °C.min-1 during immersion, then mean skin temperature will be 

a key parameter for thermal comfort in water. In similar situations, a mean skin 

temperature around 32 °C is likely to be an important threshold as the lower back 

and the chest may then become the major determinants of thermal comfort. 

Indeed, at rest or during a water-based activity, they were the regions the most 

often reported responsible for the loss of overall thermal comfort. 

This might be explained by the relatively high adapting temperature of the 

cutaneous thermoreceptors in these areas; in thermoneutral air environments, the 

chest and the lower back demonstrate higher skin temperatures compared with 

most other body sites. Hence, when the whole body surface area is cooling, as 

seen during immersion in minimal clothing, the actual stimulus experienced by 

these regions will be greater. In contrast, the extremities will not determine the loss 

of comfort during water-based activities, in cool water, as at the point at which the 

chest and the lower back cause discomfort, the hands and feet will have cooled to 

temperatures that are still above the “natural” local skin temperature distribution in 

thermoneutral, comfortable air environments. 
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This “natural” or “reference” skin temperature distribution may be the basis for 

understanding the variation in the relative influence of the different body parts for 

thermal sensitivity and, ultimately, thermal comfort. 

Although the skin on the head did not seem to influence the loss of thermal 

comfort in cool water during exercise, the impact of this region in colder conditions 

was significant, as overall thermal discomfort was reduced when the head was 

protected. This suggested a different local thermal sensitivity depending on the 

range of temperature. 

At rest, protecting hands and feet did not help maintain thermal comfort in cool 

water but it reduced discomfort in colder conditions. During a water-based activity 

though, the influence of the extremities remained relatively insignificant throughout 

the immersion, in cool or cold water. There are various possible explanation for the 

beneficial impact of exercise on thermal comfort, including a variety of thermal and 

non-thermal factors.  

Thermal comfort following immersion 

It was shown that the thermal discomfort experienced following immersion could 

be reduced even when skin temperature was still cooling. This occurred mostly as 

the cooling rate was slowing down. Although the exact mechanism involved is 

unknown, it is likely to involve a reduction in the frequency of discharge of the cold 

thermoreceptors. 

In good agreement with our previous immersion experiments, when the whole 

front side of the body was exposed to the wind, the chest was an important 

determinant for thermal comfort. Nevertheless, the extremities became dominant 

only when they were the sole regions to be exposed and were thus the main cold 

input areas. This raised the possibility that adjacent local skin temperature of 

protected regions influenced their impact on overall thermal comfort.  

Following immersion, absolute mean skin temperature was relatively less 

important than its rate of change, provided it remained within a defined range; on 

the basis of our observations, a given cooling rate of skin temperature had a much 

greater impact on thermal comfort once mean skin temperature cooled below 28 

°C. 
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It was also shown that overall thermal comfort could be re-established despite a 

lower mean skin temperature than when it was at its lowest point. If one assumes 

that the contribution of an increase in deep body temperature to this phenomenon 

was minimal, then it may be that the comparison with a recent experience 

influenced overall thermal comfort. This may also explain why throughout the 

tests, the highest thermal comfort scores were observed post-immersion, after 

discomfort had been experienced and even with lower skin and mean body 

thermal profiles than pre-immersion. 

Thermal comfort and exercise 

During immersion, when compared to the resting period, the swimming period was 

associated with higher overall thermal comfort scores despite similar thermal 

profiles. Furthermore, this effect was similar across all clothing conditions. The 

positive impact of swimming on overall thermal comfort is thus more likely to be 

the consequence of the activity per se, rather than that of a thermal effect. 

However, other factors such as distraction, hormonal mechanisms, or partial 

suppression of the afferent thermal information by neural input from 

mechanoreceptors might have been involved. It may be possible that these 

physiological factors, in addition with psychological aspects such as attention 

affected the perception of thermal discomfort. 

Recommendations 

Based on the results from the studies presented in this thesis, some advice is 

proposed to help improve the design of water-sports clothing with regard to 

maintaining thermal comfort, and avoid or reducing discomfort during water-based 

leisure activities. 

- During immersion in cool water (>20 °C) if the cooling rate of mean skin 

temperature can be kept slower than 1 °C.min-1, it may be important to keep mean 

skin temperature above 32 °C to maintain thermal comfort. Such a 

recommendation is made to prevent the lower back and the chest skin 

temperature from dropping by 2.8 °C and 3.3 °C from the values observed in 

thermoneutral air environments, respectively. 
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- In similar situations (cooling rate slower than 1 °C.min-1), it may be 

recommended to keep mean skin temperature above 26 °C to avoid thermal 

discomfort, by preventing the lower back and the chest skin temperature from 

dropping by about 8.5 °C from the values observed in thermoneutral air 

environments. 

- To reduce thermal discomfort during water-based activities in cold water (<20 °C) 

it is recommended that some protection is worn on the head. 

- In resting immersion in cold water (<20 °C), protecting the hands and feet will 

help reduce overall thermal discomfort. The protection is less important in 

exercising immersions. 

- Following a water-based activity, at rest or when exercising, it is important to 

reduce the initial fast cooling rate in skin temperature (due to evaporation) as soon 

as possible. 

- It is also recommended that, when facing the wind, the chest is particularly 

protected from the evaporative cooling effect following a water-based activity, and 

that special attention is given to the body parts remaining exposed. 

- In most leisure scenarios, even light physical activity in the water should help 

maintain thermal comfort as the positive effect is relatively independent of thermal 

factors. 
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Chapter 9 

 

Delimitations, Assumptions and Limitations 

 

Delimitations  

Prior to each study, the author and the funding company deliberately agreed to 

restrict the investigations to what was thought to be the most relevant to the initial 

questions. These delimitations were mostly governed by experimental design 

issues and time commitments. For example, after a series of pilot tests, thermal 

sensation reports were shown to highly correlate with thermal comfort reports, so 

for practicality reasons, a compromise was made and it was decided to limit the 

assessment of perceptual responses to thermal comfort. This was also of most 

interest of the sponsoring company.  

Another major delimitation was the type of environment chosen to conduct the 

research. In all the studies presented in this thesis, it was decided to explore 

human responses to relatively cool conditions, during or following immersion. This 

was done deliberately, in order to avoid noxious stimulation in very cold water, 

which would have overwhelmed the thermal comfort responses. Following 

immersion, the aim was to simulate environmental conditions that would enable 

thermal comfort to evolve, rather than remain very uncomfortable throughout the 

exposure. The choice of these conditions was also driven by the “real-world” 

situations of water-based activities undertaken for leisure purposes, in mild 

environments. 

The other important delimitations concern the population of volunteers recruited. 

All participants were males; to date, most studies have used males, thus providing 

a greater opportunity to compare the results of previous work to those of the 

present experiment. Today, most of water sports are still mainly practiced by men 

but the number of women partaking is increasing and a better balance should 

hopefully be achieved shortly. In that regards, it would be interesting to run these 

studies with female participants and investigate the potential differences due to 
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gender in thermal and subjective responses to water-based activities. Also, it was 

decided to recruit non-cold habituated (not been immersed in cold water, or 

without any participation to cold studies in the past year) volunteers. This was 

done to ensure that no effect of a previous cold habituation would impair the 

comparison between volunteers, and that the findings would be relevant and 

useful to people new to engaging in water-sports, rather than to advanced 

practitioners. However, it might be interesting to run some parts of the studies to 

investigate perceptual responses during cold-habituation. 

Some of the results might not apply to situations where the whole face is exposed 

to the water, as it was decided to not include it in the regions stimulated. 

Delimitating the immersion studies to the supine position of the volunteers might 

limit the extent of our findings, as the hydrostatic pressure was greater on the back 

side than on the front side of the body. Although no impact on the skin 

temperature or heat flux on the regions concerned was observed, we cannot 

exclude the possibility that the results would have been modified, had volunteers 

been immersed with their back toward the surface (face down). 

The thermal comfort responses obtained following immersion may not hold for 

somebody turning their back to the fans. However, it was thought that facing the 

wind would be more coherent with a realistic situation of a water-based activity; 

whether somebody is moving fast through the air (windsurfing), facing the sea 

(waiting for waves on a surf or body board), or just looking at the sea from the 

shore after immersion, it is more likely that the wind will be experienced on the 

front side of the body (onshore wind).  

Finally, only young, active, and relatively fit volunteers were included in the studies 

as no effect of age or fitness on thermal comfort responses was thought to be 

within the scope of the project. 
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Assumptions  

The main assumption of the studies concerned the reproducibility of the thermal 

and subjective responses of the volunteers. Despite clear information in this 

regard, there was very small control of the volunteer’s food and drink intake, 

physical activities or thermal state before their arrival in the lab. For subjective 

responses, it was considered that the differences in state of mind, mood or 

motivation had to be taken into account in the final conclusions as inherent 

limitations of such studies. Due to the highly subjective nature of this response, it 

is always difficult to objectively measure it using a scale. Nevertheless, the scale 

used in Studies One and Two could, in theory, have consisted of two points only. 

In effect, the most important point to be able to report was the shift from “just 

comfortable” to “just uncomfortable”. Prior to each test, we made sure the 

participants clearly understood the difference. It was later confirmed by the 

observation that most of them rated their overall thermal comfort as being “just 

uncomfortable” when they reported the loss of comfort. However, regarding the 

infinity scale used in Study Four, the assumption was made that for each 

individual, the exact point of overall thermal comfort was similar from one day to 

another. Some recommendations are proposed in the next chapter to overcome 

this potential issue in future works. 

During the experiments, deep body temperature was monitored at the rectum. It 

was assumed that this site would be representative of core temperature. This may 

not be the case, especially when exercise was involved, and the increase in deep 

body temperature may have been under-estimated. It seems, though, that most 

thermal comfort responses collected in the conditions of our experiments have 

primarily been influenced by cutaneous input. 

 

Limitations 

Because of the delimitations of this research project, the findings may only be 

relevant to the population represented by the sample we used, and the results 

might only apply to similar situations; some conclusions of the studies do not 

concern, for example, cold habituated people, females, more intense water-based 

activities, and may not be useful in colder situations.  
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Chapter 10 

 

Recommendations for future experimentation 

 

The studies presented in this thesis were designed with considerations of the 

interests of the company who funded the project. The results provided useful 

information for the design of water-sports clothing, and helped improved the 

general understanding of thermal comfort. However, some fundamental questions 

were raised regarding the mechanisms behind our findings. To try to broaden the 

comprehension of the physiological systems driving perceptual responses to 

thermal stimuli, we propose in this chapter some experiments which may be 

interesting to conduct in the future. 

The main assumption that should be addressed prior to any work concerns the 

reproducibility of thermal comfort votes. Although the infinity scale developed for 

our studies proved to be useful and relevant to the situation when compared with 

the categorical scale, its efficiency and reliability could be improved by a three 

point calibration. In effect, to make sure that each volunteer report their thermal 

comfort responses with the same “basis” in mind on each visit to the laboratory, a 

calibration should be done before every test. This could consist of collecting 

overall thermal comfort responses in three set environments; once in 

thermoneutral conditions, once in a slightly cool or cold environment and the last 

one in relatively warm conditions. This may provide an individual calibration of 

thermal comfort, and ensure that all subsequent comfort votes are comparable 

between conditions. 

A study (or series of studies) could then be undertaken to explore the fundamental 

mechanisms determining cutaneous thermal perception. On their first visit, 

following the “calibration” mentioned above, individual skin temperature distribution 

would be assessed in thermoneutral and comfortable air environments, just like in 

the third study presented in this thesis. This would provide the necessary 

references for the following steps. From there, similar cold stimuli would be 



 176

alternatively applied to different body regions, taking into account the local 

adapting temperatures of each body sites. For example, the hands and the chest 

in thermoneutral air environments demonstrate local temperatures of 

approximately 25 °C and 35 °C, respectively. To make sure the same thermal 

stimulus is actually applied to both regions, the hands would be cooled to 20 °C, 

and the chest to 30 °C. By assessing the local and/or overall thermal comfort 

responses to this stimulus, and by doing this for each site, it may be possible to 

obtain a body mapping of thermal comfort. The influence of each body part on 

overall thermal comfort might then be related to the actual functioning of local 

cutaneous thermoreceptors. By adjusting the area stimulated, it could even be 

possible to gain some insight on the cold receptor density. 

Based on the results obtained from these stimulations, and on the same 

experimental methods, it could be interesting to investigate the role of the rate of 

change of skin temperature; what would be the response of the chest and the 

hand to the time it takes to reach 30 °C and 20 °C, respectively? Similar 

exploration could be undertaken on the whole body-surface area; thresholds of 

absolute and rate of change of skin temperature below which discomfort would not 

be sensed could be investigated. Not only should this provide interesting 

information regarding the characteristics of peripheral thermoreceptors, but it 

would be possible to compare these neurophysiological responses between body 

regions, and perhaps use these data to validate models. 

Overall, this future work may be fruitful in that thermal comfort and thermal 

sensation responses to warm and cold stimulus could be investigated. To the 

authors’ knowledge, it would be the first time such an approach is used in 

thermophysiology, and it may help improve the general understanding of human 

responses to thermal environments. 
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Annex 1 

 

Thermal profiles when “just uncomfortable” was reported at rest 

 

 V
ar

ia
b

le
U

n
it

D
e

sc
ri

p
ti

o
n

T
im

e
(m

in
ut

e)
T

im
e 

w
he

n 
pe

op
le

 r
ep

or
te

d 
be

in
g 

th
er

m
al

ly
 "

ju
st

 u
nc

om
fo

rt
ab

le
"

S
A

 
(m

²)
B

od
y 

su
rf

ac
e 

ar
ea

S
A

/m
as

s
S

ur
fa

ce
 a

re
a-

to
-m

as
s 

ra
tio

B
o

d
y 

W
e

ig
h

t 
(k

g)
B

od
y 

m
as

s
B

o
d

y 
h

e
ig

h
t 

(c
m

)
B

od
y 

he
ig

ht
Ʃ

 4
 S

ki
n

 f
o

ld
s 

(m
m

)
S

um
 o

f 4
 s

ki
n 

fo
ld

s
B

F
 %

P
er

ce
nt

ag
e 

of
 b

od
y 

fa
t

W
at

e
r 

te
m

p
 

( 
°C

)
W

at
er

 te
m

pe
ra

tu
re

 w
he

n 
pe

op
le

 r
ep

or
te

d 
be

in
g 

th
er

m
al

ly
 "

ju
st

 u
nc

om
fo

rt
ab

le
"

T
C

  "
b

o
d

y 
si

te
"

O
ve

ra
ll 

th
er

m
al

 c
om

fo
rt

 v
ot

es
 

T
sk

  "
b

o
d

y 
si

te
"

( 
°C

)
Lo

ca
l s

ki
n 

te
m

pe
ra

tu
re

,  
w

he
n 

pe
op

le
 r

ep
or

te
d 

be
in

g 
th

er
m

al
ly

 "
ju

st
 u

nc
om

fo
rt

ab
le

"
Ť

sk
 

( 
°C

)
M

ea
n 

sk
in

 te
m

pe
ra

tu
re

, w
he

n 
pe

op
le

 r
ep

or
te

d 
be

in
g 

''j
us

t u
nc

om
fo

rt
ab

le
'''

Ť
b

 
( 

°C
)

M
ea

n 
bo

dy
 te

m
pe

ra
tu

re
, w

he
n 

pe
op

le
 r

ep
or

te
d 

be
in

g 
''j

us
t u

nc
om

fo
rt

ab
le

''
T

re
 

( 
°C

)
R

ec
ta

l t
em

pe
ra

tu
re

, w
he

n 
pe

op
le

 r
ep

or
te

d 
be

in
g 

''j
us

t u
nc

om
fo

rt
ab

le
''

∆
T

sk
  "

b
o

d
y 

si
te

" 
( 

°C
)

D
iff

er
en

ce
 b

et
w

ee
n 

th
e 

lo
ca

l s
ki

n 
te

m
pe

ra
tu

re
 a

fte
r 

10
 m

in
ut

es
 in

 3
4.

5 
°C

 w
at

er
 a

nd
 th

e 
lo

ca
l s

ki
n 

te
m

pe
ra

tu
re

 w
he

n 
''j

us
t u

nc
om

fo
rt

ab
le

'' 
w

as
 r

ep
or

te
d

∆
Ť

sk
( 

°C
)

D
iff

er
en

ce
 b

et
w

ee
n 

th
e 

m
ea

n 
sk

in
 te

m
pe

ra
tu

re
 a

fte
r 

10
 m

in
ut

es
 in

 3
4.

5 
°C

 w
at

er
 a

nd
 th

e 
m

ea
n 

sk
in

 te
m

pe
ra

tu
re

 w
he

n 
''j

us
t u

nc
om

fo
rt

ab
le

'' 
w

as
 r

ep
or

te
d

∆
Ť

b
( 

°C
)

D
iff

er
en

ce
 b

et
w

ee
n 

th
e 

m
ea

n 
bo

dy
 s

ki
n 

te
m

pe
ra

tu
re

 a
fte

r 
10

 m
in

ut
es

 in
 3

4.
5 

°C
 w

at
er

 a
nd

 th
e 

m
ea

n 
bo

dy
 te

m
pe

ra
tu

re
 w

he
n 

''j
us

t u
nc

om
fo

rt
ab

le
'' 

w
as

 r
ep

or
te

d
∆

T
re

( 
°C

)
D

iff
er

en
ce

 b
et

w
ee

n 
th

e 
re

ct
al

 te
m

pe
ra

tu
re

 a
fte

r 
10

 m
in

ut
es

 in
 3

4.
5 

°C
 w

at
er

 a
nd

 th
e 

re
ct

al
 te

m
pe

ra
tu

re
 w

he
n 

''j
us

t u
nc

om
fo

rt
ab

le
'' 

w
as

 r
ep

or
te

d
r∆

T
sk

 -
 "

b
o

d
y 

si
te

"
( 

°C
/m

in
)

Lo
ca

l r
at

e 
of

 c
ha

ng
e 

of
 s

ki
n 

te
m

pe
ra

tu
re

 w
he

n 
pe

op
le

 r
ep

or
t b

ei
ng

 ''
ju

st
 u

nc
om

fo
rt

ab
le

''
r∆

Ť
sk

 
( 

°C
/m

in
)

R
at

e 
of

 c
ha

ng
e 

of
 m

ea
n 

sk
in

 te
m

pe
ra

tu
re

 w
he

n 
pe

op
le

 r
ep

or
t b

ei
ng

 ''
ju

st
 u

nc
om

fo
rt

ab
le

''
r∆

T
re

 
( 

°C
/m

in
)

R
at

e 
of

 c
ha

ng
e 

of
 r

ec
ta

l t
em

pe
ra

tu
re

 w
he

n 
pe

op
le

 r
ep

or
t b

ei
ng

 ''
ju

st
 u

nc
om

fo
rt

ab
le

''
r∆

Ť
b

( 
°C

/m
in

)
R

at
e 

of
 c

ha
ng

e 
of

 m
ea

n 
bo

dy
 te

m
pe

ra
tu

re
 w

he
n 

pe
op

le
 r

ep
or

t b
ei

ng
 ''

ju
st

 u
nc

om
fo

rt
ab

le
''



 190

 
 

S1 S2 S3 S4 S5 S6 S7 S8 mean SD

m2 SA 2.0 2.0 2.1 2.0 1.9 2.0 1.9 1.8 2.0 0.1

kg Body Weight 77.2 78.7 91.5 81.2 73.0 81.2 67.5 63.8 76.8 8.7

cm Body height 183.0 182.0 181.0 176.5 172.5 177.5 179.5 179.0 178.9 3.4

mm Sum 4 Skin folds 25.8 32.7 60.7 46.9 35.1 41.4 31.1 16.9 36.3 13.4

BF % 10.5 13.8 21.2 17.7 17.7 16.4 16.2 6.0 14.9 4.8

(°C) Water temp 28.1 32.8 30.0 28.5 31.8 32.2 30.8 27.4 30.2 2.0

(min) Time 16.5 11.5 14.5 15.3 12.5 13.0 13.0 16.5 14.1 1.9

Overall 6.0 4.0 6.0 4.0 4.0 4.0 4.0 4.0 4.5 0.9

Hand 8.0 8.0 8.0 6.0 4.0 4.0 8.0 4.0 6.3 2.0

Thermal Forearm 6.0 4.0 8.0 6.0 4.0 4.0 8.0 4.0 5.5 1.8

Comfort Upperarm 6.0 4.0 6.0 6.0 4.0 4.0 4.0 6.0 5.0 1.1

Votes Chest 8.0 8.0 8.0 4.0 4.0 4.0 4.0 4.0 5.5 2.1

at the point Lower back 6.0 4.0 4.0 4.0 2.0 2.0 2.0 4.0 3.5 1.4

of loss of Thigh 8.0 4.0 6.0 6.0 4.0 2.0 8.0 6.0 5.5 2.1

Comfort Calf 8.0 4.0 8.0 6.0 4.0 2.0 8.0 6.0 5.8 2.3

Foot 8.0 4.0 8.0 6.0 4.0 4.0 4.0 4.0 5.3 1.8

Tsk hand 29.8 33.8 32.1 30.4 33.5 32.2 32.4 29.7 31.7 1.6

Tsk forearm 29.8 34.0 31.7 30.5 33.5 32.8 32.4 28.8 31.7 1.8

Tsk upperarm 29.9 34.2 32.2 30.5 33.5 33.1 32.9 29.3 31.9 1.8

Tsk chest 31.0 33.2 33.2 31.5 34.1 33.5 33.2 27.9 32.2 2.0

Absolute Tsk lower back 29.5 33.3 30.0 28.9 31.5 32.4 33.4 30.3 31.1 1.7

or mean Tsk thigh 29.7 33.3 31.4 29.2 32.9 31.8 31.8 28.8 31.1 1.7

temperatures Tsk calf 29.2 32.9 30.6 28.6 32.1 31.0 31.7 28.9 30.6 1.6

at the point Tsk foot 28.8 33.8 31.0 28.5 32.2 31.0 32.1 28.7 30.7 2.0

of loss of Ťsk trunk 30.0 33.4 31.6 29.9 32.9 32.6 32.8 29.0 31.5 1.7

Comfort Ťsk distal limbs 29.3 33.5 31.2 29.2 32.6 31.6 32.0 28.9 31.0 1.7

Ťsk 29.8 33.4 31.4 29.7 32.8 32.2 32.5 29.0 31.3 1.7

(°C) Ťb 35.0 35.6 35.1 34.6 35.7 35.5 35.5 34.2 35.2 0.5

Tre 37.7 36.8 37.0 37.1 37.2 37.2 37.0 36.8 37.1 0.3

∆Tsk hand -4.7 -0.5 -2.3 -4.1 -1.1 -2.3 -2.1 -4.8 -2.7 1.6

∆Tsk forearm -4.7 -0.3 -2.6 -4.1 -1.0 -1.6 -2.1 -5.6 -2.7 1.9

∆Tsk upperarm -4.5 -0.1 -2.1 -3.9 -0.9 -1.3 -1.5 -5.0 -2.4 1.8

Change of temp. ∆Tsk chest -3.5 -1.1 -1.0 -3.0 -0.4 -1.1 -1.3 -6.8 -2.3 2.1

from t=10 mins ∆Tsk lower back -5.2 -1.1 -4.3 -5.7 -3.1 -2.2 -1.4 -4.1 -3.4 1.7

(water starts ∆Tsk thigh -4.7 -0.9 -2.9 -5.0 -1.6 -2.6 -2.5 -5.6 -3.2 1.7

cooling) ∆Tsk calf -5.1 -1.4 -3.5 -5.7 -2.7 -3.4 -2.8 -5.4 -3.7 1.5

to the point ∆Tsk foot -5.5 -0.6 -3.4 -5.6 -2.3 -3.3 -2.3 -5.7 -3.6 1.9

of loss of ∆Ťsk trunk -4.5 -0.9 -2.6 -4.5 -1.6 -1.9 -1.7 -5.4 -2.9 1.7

comfort ∆Ťsk distal limbs -5.0 -0.8 -3.1 -5.0 -2.0 -2.8 -2.4 -5.4 -3.3 1.7

∆Ťsk -4.7 -0.9 -2.8 -4.7 -1.7 -2.2 -1.9 -5.4 -3.0 1.7

(°C) ∆Ťb -1.6 -0.3 -1.0 -1.6 -0.6 -0.7 -0.6 -1.8 -1.0 0.6

∆Tre -0.1 0.0 0.0 0.0 -0.1 0.0 0.0 -0.1 0.0 0.0

Rate of r∆Tsk hand -0.9 -0.5 -1.0 -1.2 -0.8 -1.0 -1.2 -1.0 -0.9 0.2

change of temp. r∆Tsk forearm -0.9 -0.6 -1.1 -1.2 -1.1 -0.9 -1.1 -0.8 -0.9 0.2

at the point r∆Tsk upperarm -0.8 -0.3 -0.9 -1.1 -1.0 -0.9 -1.1 -0.9 -0.9 0.3

of loss of comfort r∆Tsk chest -0.9 -0.2 -0.7 -0.9 -0.3 -0.9 -1.2 -0.5 -0.7 0.3

or r∆Tsk lower back -0.6 -1.1 -0.9 -0.7 -1.5 -0.9 -0.9 -0.8 -0.9 0.3

from t=10 mins r∆Tsk thigh -0.9 -0.9 -1.0 -1.1 -1.1 -1.1 -1.1 -0.9 -1.0 0.1

(water starts r∆Tsk calf -0.8 -1.3 -1.3 -1.2 -1.1 -0.8 -1.3 -0.8 -1.1 0.2

cooling) r∆Tsk foot -0.9 -1.0 -1.0 -1.2 -1.4 -1.1 -1.2 -1.1 -1.1 0.1

to the point r∆Ťsk trunk -0.8 -0.7 -0.9 -0.9 -1.0 -0.9 -1.1 -0.7 -0.9 0.1

of loss of r∆Ťsk distal limbs -0.8 -0.9 -1.1 -1.2 -1.1 -0.9 -1.2 -0.9 -1.0 0.1

comfort r∆Ťsk -0.8 -0.8 -1.0 -1.0 -1.0 -0.9 -1.1 -0.8 -0.9 0.1

(°C/min) r∆Ťb -0.2 -0.3 -0.3 -0.3 -0.3 -0.3 -0.4 -0.3 -0.3 0.0

Data sets when volunteers

reported being "Just Uncomfortable"

Study One - Rest - Swim Briefs
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S1 S2 S3 S4 S5 S6 S7 S8 mean SD

m2 SA 2.0 2.0 2.1 2.0 1.9 2.0 1.9 1.8 2.0 0.1
kg Body Weight 77.2 78.7 91.5 81.2 73.0 81.2 67.5 63.8 76.8 8.7
cm Body height 183.0 182.0 181.0 176.5 172.5 177.5 179.5 179.0 178.9 3.4
mm Sum 4 Skin folds 25.8 32.7 60.7 46.9 35.1 41.4 31.1 16.9 36.3 13.4

BF % 10.5 13.8 21.2 17.7 17.7 16.4 16.2 6.0 14.9 4.8
(°C) Water temp 22.8 30.4 25.2 29.6 31.2 29.2 27.4 25.8 27.7 2.9

(min) Time 22.0 13.5 20.2 14.5 13.8 14.5 16.0 18.0 16.6 3.2
Overall 4.0 4.0 4.0 6.0 4.0 6.0 4.0 4.0 4.5 0.9
Hand 8.0 8.0 8.0 8.0 8.0 8.0 8.0 6.0 7.8 0.7

Thermal Forearm 6.0 8.0 4.0 4.0 4.0 6.0 6.0 4.0 5.3 1.5
Comfort Upperarm 6.0 8.0 8.0 6.0 8.0 8.0 4.0 6.0 6.8 1.5
Votes Chest 6.0 8.0 8.0 8.0 8.0 8.0 2.0 6.0 6.8 2.1

at the point Lower back 4.0 8.0 2.0 8.0 4.0 6.0 4.0 4.0 5.0 2.1
of loss of Thigh 8.0 4.0 6.0 6.0 8.0 6.0 8.0 6.0 6.5 1.4
Comfort Calf 6.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.3 0.7

Foot 8.0 4.0 8.0 8.0 8.0 6.0 6.0 8.0 7.0 1.5
Tsk hand 32.6 34.1 32.8 35.1 35.1 34.6 33.5 33.8 33.9 1.0
Tsk forearm 25.5 32.6 25.9 32.5 32.4 30.5 29.3 28.0 29.6 2.9
Tsk upperarm 30.8 33.6 31.8 34.5 34.3 34.0 33.5 32.1 33.1 1.4
Tsk chest 32.7 34.8 32.0 35.4 35.4 34.9 34.7 33.2 34.1 1.3

Absolute Tsk lower back 32.8 34.4 32.6 35.0 35.1 34.7 34.7 33.4 34.1 1.0
or mean Tsk thigh 31.1 34.0 31.6 33.8 33.8 34.3 32.9 32.7 33.0 1.2

temperatures Tsk calf 24.9 30.5 25.7 29.2 30.7 28.7 28.4 27.4 28.2 2.1
at the point Tsk foot 29.2 33.5 31.2 31.6 34.2 33.5 32.2 31.3 32.1 1.6

of loss of Ťsk trunk 32.0 34.3 32.0 34.7 34.7 34.5 34.0 32.9 33.6 1.2
Comfort Ťsk distal limbs 27.1 32.2 28.0 31.4 32.5 31.0 30.2 29.4 30.2 1.9

Ťsk 30.3 33.5 30.6 33.5 33.9 33.3 32.7 31.7 32.5 1.4
(°C) Ťb 35.0 35.6 35.1 36.0 36.0 35.9 35.6 35.2 35.5 0.4

Tre 37.3 36.7 37.4 37.2 37.1 37.2 37.0 36.9 37.1 0.2
∆Tsk hand -3.0 0.1 -2.8 -0.3 -0.4 -1.3 -1.3 -1.6 -1.3 1.1
∆Tsk forearm -9.1 -1.8 -8.6 -2.1 -2.2 -4.3 -5.3 -6.5 -5.0 2.9
∆Tsk upperarm -4.2 -0.8 -3.0 -0.5 -0.4 -0.9 -1.1 -2.1 -1.6 1.4

Change of temp. ∆Tsk chest -2.8 0.0 -2.6 -0.1 -0.1 -0.5 -0.6 -1.3 -1.0 1.1
from t=10 mins ∆Tsk lower back -2.6 -0.3 -2.2 -0.1 0.0 -0.1 -0.4 -1.7 -0.9 1.1

(water starts ∆Tsk thigh -3.7 -0.8 -3.2 -1.0 -0.5 -1.1 -1.9 -2.4 -1.8 1.2
cooling) ∆Tsk calf -9.4 -3.8 -8.6 -5.2 -3.6 -6.0 -5.9 -6.9 -6.2 2.1

to the point ∆Tsk foot -5.3 -0.8 -3.1 -0.8 -0.4 -1.7 -0.8 -2.1 -1.8 1.6
of loss of ∆Ťsk trunk -3.2 -0.4 -2.7 -0.4 -0.2 -0.6 -1.0 -1.8 -1.3 1.1
comfort ∆Ťsk distal limbs -7.4 -2.1 -6.5 -2.8 -2.1 -3.9 -3.9 -4.9 -4.2 2.0

∆Ťsk -4.6 -1.0 -4.0 -1.2 -0.9 -1.7 -2.0 -2.9 -2.3 1.4
(°C) ∆Ťb -1.5 -0.3 -1.3 -0.4 -0.3 -0.6 -0.7 -0.9 -0.8 0.5

∆Tre 0.0 0.0 0.0 -0.1 -0.1 0.0 0.0 0.0 0.0 0.0
Rate of r∆Tsk hand -0.4 -0.1 -0.3 -0.2 -0.2 -0.4 -0.3 -0.3 -0.3 0.1

change of temp. r∆Tsk forearm -0.5 -1.2 -0.7 -1.0 -1.0 -0.8 -0.9 -1.0 -0.9 0.2
at the point r∆Tsk upperarm -0.4 -0.7 -0.5 -0.3 -0.2 -0.4 -0.4 -0.4 -0.4 0.1

of loss of comfort r∆Tsk chest -0.4 0.0 -0.5 -0.2 -0.2 -0.3 -0.3 -0.4 -0.3 0.1
or r∆Tsk lower back -0.2 -0.2 -0.3 -0.2 -0.1 -0.1 -0.2 -0.3 -0.2 0.1

from t=10 mins r∆Tsk thigh -0.4 -0.4 -0.4 -0.4 -0.3 -0.4 -0.4 -0.4 -0.4 0.1
(water starts r∆Tsk calf -0.6 -1.2 -0.8 -1.1 -1.1 -1.6 -1.1 -0.8 -1.0 0.3

cooling) r∆Tsk foot -0.5 -0.4 -0.4 -0.4 -0.3 -0.4 -0.3 -0.5 -0.4 0.1
to the point r∆Ťsk trunk -0.3 -0.3 -0.4 -0.3 -0.2 -0.3 -0.3 -0.4 -0.3 0.1

of loss of r∆Ťsk distal limbs -0.5 -0.9 -0.6 -0.8 -0.8 -1.0 -0.7 -0.7 -0.7 0.1
comfort r∆Ťsk -0.4 -0.5 -0.5 -0.4 -0.4 -0.5 -0.5 -0.5 -0.5 0.0
(°C/min) r∆Ťb -0.1 -0.2 -0.2 -0.2 -0.1 -0.2 -0.2 -0.2 -0.2 0.0

Data sets when volunteers

reported being "Just Uncomfortable"

Study One - Rest - Short wetsuit + gloves + boots
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S1 S2 S3 S4 S5 S6 S7 S8 mean SD

m2 SA 2.0 2.0 2.1 2.0 1.9 2.0 1.9 1.8 2.0 0.1
kg Body Weight 77.2 78.7 91.5 81.2 73.0 81.2 67.5 63.8 76.8 8.7
cm Body height 183.0 182.0 181.0 176.5 172.5 177.5 179.5 179.0 178.9 3.4
mm Sum 4 Skin folds 25.8 32.7 60.7 46.9 35.1 41.4 31.1 16.9 36.3 13.4

BF % 10.5 13.8 21.2 17.7 17.7 16.4 16.2 6.0 14.9 4.8
(°C) Water temp 26.3 27.7 21.3 30.6 27.8 27.3 26.6 24.3 26.5 2.8

(min) Time 17.5 16.3 25.8 13.3 16.7 17.3 17.8 20.0 18.1 3.6
Overall 4.0 4.0 4.0 6.0 4.0 4.0 4.0 4.0 4.3 0.7
Hand 4.0 4.0 6.0 4.0 4.0 4.0 6.0 4.0 4.5 0.9

Thermal Forearm 8.0 8.0 6.0 8.0 8.0 6.0 8.0 6.0 7.3 1.0
Comfort Upperarm 6.0 8.0 6.0 8.0 8.0 6.0 4.0 6.0 6.5 1.4
Votes Chest 8.0 8.0 4.0 8.0 8.0 6.0 2.0 6.0 6.3 2.3

at the point Lower back 6.0 4.0 4.0 2.0 4.0 4.0 8.0 4.0 4.5 1.8
of loss of Thigh 8.0 8.0 8.0 8.0 8.0 6.0 8.0 8.0 7.8 0.7
Comfort Calf 8.0 8.0 8.0 8.0 8.0 6.0 8.0 6.0 7.5 0.9

Foot 4.0 4.0 6.0 2.0 4.0 4.0 4.0 4.0 4.0 1.1
Tsk hand 28.6 30.6 22.7 33.0 29.4 29.7 28.3 26.9 28.6 3.0
Tsk forearm 33.6 33.8 30.2 35.5 34.1 33.8 32.5 31.9 33.1 1.6
Tsk upperarm 33.1 32.4 28.9 34.8 34.0 33.4 32.5 31.9 32.6 1.8
Tsk chest 34.9 34.5 30.5 35.5 35.5 34.3 33.9 33.5 34.1 1.6

Absolute Tsk lower back 34.3 34.4 32.0 35.1 34.9 33.2 34.1 33.7 33.9 1.0
or mean Tsk thigh 33.1 32.8 29.6 34.1 34.1 33.3 32.1 31.8 32.6 1.5

temperatures Tsk calf 31.9 31.8 27.8 33.7 33.2 32.1 32.1 31.1 31.7 1.8
at the point Tsk foot 26.3 29.1 22.1 31.2 28.6 28.1 27.2 25.2 27.2 2.8

of loss of Ťsk trunk 34.0 33.7 30.5 34.9 34.7 33.5 33.2 32.8 33.4 1.4
Comfort Ťsk distal limbs 30.5 31.4 26.3 33.4 31.8 31.2 30.5 29.3 30.6 2.1

Ťsk 32.8 32.9 29.0 34.4 33.7 32.7 32.3 31.6 32.4 1.6
(°C) Ťb 35.9 35.7 34.5 36.2 35.9 35.7 35.4 35.3 35.6 0.5

Tre 37.4 37.1 37.2 37.1 37.0 37.2 36.9 37.1 37.1 0.1
∆Tsk hand -5.9 -4.0 -11.9 -1.4 -5.3 -4.9 -6.2 -7.7 -5.9 3.0
∆Tsk forearm -2.0 -1.1 -5.3 -0.1 -1.3 -1.2 -1.9 -2.7 -1.9 1.5
∆Tsk upperarm -2.1 -1.9 -5.6 -0.3 -1.4 -1.1 -2.0 -2.8 -2.1 1.6

Change of temp. ∆Tsk chest -1.1 -0.5 -4.0 0.0 -0.1 -0.9 -1.4 -1.3 -1.2 1.3
from t=10 mins ∆Tsk lower back -1.5 -0.4 -1.9 -0.1 -0.5 -1.2 -0.9 -1.6 -1.0 0.6

(water starts ∆Tsk thigh -2.1 -1.8 -5.1 -0.6 -1.2 -1.7 -2.4 -3.2 -2.2 1.4
cooling) ∆Tsk calf -2.7 -2.6 -6.9 -0.9 -1.8 -2.3 -2.5 -3.3 -2.9 1.7

to the point ∆Tsk foot -8.1 -5.4 -12.2 -2.9 -6.0 -6.3 -7.0 -9.2 -7.1 2.8
of loss of ∆Ťsk trunk -1.6 -1.0 -3.9 -0.3 -0.7 -1.2 -1.6 -2.1 -1.6 1.1
comfort ∆Ťsk distal limbs -4.2 -3.1 -8.5 -1.3 -3.1 -3.3 -3.9 -5.1 -4.1 2.1

∆Ťsk -2.5 -1.7 -5.5 -0.6 -1.6 -1.9 -2.4 -3.1 -2.4 1.4
(°C) ∆Ťb -0.8 -0.6 -1.8 -0.2 -0.5 -0.6 -0.8 -1.1 -0.8 0.5

∆Tre 0.0 -0.1 0.0 0.0 0.0 0.0 0.0 -0.1 0.0 0.0
Rate of r∆Tsk hand -1.0 -0.8 -0.5 -1.1 -0.4 -1.3 -0.7 -0.8 -0.8 0.3

change of temp. r∆Tsk forearm -0.4 -0.3 -0.4 -0.2 -0.2 -0.4 -0.4 -0.5 -0.4 0.1
at the point r∆Tsk upperarm -0.5 -0.5 -0.5 -0.3 -0.3 -0.4 -0.4 -0.4 -0.4 0.1

of loss of comfort r∆Tsk chest -0.3 -0.2 -0.3 -0.1 -0.1 -0.4 -0.4 -0.2 -0.2 0.1
or r∆Tsk lower back -0.2 -0.2 -0.3 -0.1 -0.3 -0.3 -0.3 -0.3 -0.2 0.1

from t=10 mins r∆Tsk thigh -0.4 -0.4 -0.4 -0.3 -0.2 -0.5 -0.4 -0.4 -0.4 0.1
(water starts r∆Tsk calf -0.4 -0.5 -0.4 -0.5 -0.2 -0.4 -0.4 -0.4 -0.4 0.1

cooling) r∆Tsk foot -0.8 -0.9 -0.6 -1.1 -0.4 -0.9 -1.0 -0.7 -0.8 0.2
to the point r∆Ťsk trunk -0.3 -0.3 -0.3 -0.2 -0.2 -0.4 -0.4 -0.3 -0.3 0.1

of loss of r∆Ťsk distal limbs -0.6 -0.6 -0.5 -0.6 -0.3 -0.6 -0.6 -0.5 -0.6 0.1
comfort r∆Ťsk -0.4 -0.4 -0.4 -0.3 -0.2 -0.5 -0.5 -0.4 -0.4 0.1
(°C/min) r∆Ťb -0.1 -0.1 -0.1 -0.1 -0.1 -0.2 -0.2 -0.1 -0.1 0.0

Data sets when volunteers

reported being "Just Uncomfortable"

Study One - Rest - Long wetsuit
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S1 S2 S3 S4 S5 S6 S7 S8 mean SD

m2 SA 2.0 2.0 2.1 2.0 1.9 2.0 1.9 1.8 2.0 0.1
kg Body Weight 77.2 78.7 91.5 81.2 73.0 81.2 67.5 63.8 76.8 8.7
cm Body height 183.0 182.0 181.0 176.5 172.5 177.5 179.5 179.0 178.9 3.4
mm Sum 4 Skin folds 25.8 32.7 60.7 46.9 35.1 41.4 31.1 16.9 36.3 13.4

BF % 10.5 13.8 21.2 17.7 17.7 16.4 16.2 6.0 14.9 4.8
(°C) Water temp 20.5 27.0 19.6 23.0 27.0 30.1 26.1 20.6 24.2 3.8

(min) Time 25.3 16.5 32.8 22.0 17.8 14.3 17.0 26.5 21.5 6.3
Overall 6.0 4.0 4.0 6.0 4.0 4.0 4.0 4.0 4.5 0.9
Hand 8.0 8.0 4.0 8.0 6.0 2.0 10.0 8.0 6.8 2.6

Thermal Forearm 8.0 8.0 6.0 8.0 6.0 8.0 8.0 6.0 7.3 1.0
Comfort Upperarm 8.0 6.0 6.0 8.0 4.0 8.0 4.0 6.0 6.3 1.7
Votes Chest 6.0 8.0 4.0 6.0 4.0 8.0 2.0 6.0 5.5 2.1

at the point Lower back 6.0 4.0 4.0 6.0 4.0 2.0 2.0 4.0 4.0 1.5
of loss of Thigh 8.0 8.0 6.0 8.0 6.0 2.0 8.0 6.0 6.5 2.1
Comfort Calf 8.0 8.0 6.0 6.0 6.0 2.0 8.0 6.0 6.3 2.0

Foot 8.0 8.0 6.0 8.0 8.0 2.0 8.0 8.0 7.0 2.1
Tsk hand 31.6 33.8 28.6 33.2 34.1 35.1 33.2 30.2 32.5 2.2
Tsk forearm 30.2 33.8 27.0 31.9 33.6 35.0 33.3 29.1 31.7 2.7
Tsk upperarm 29.5 34.4 26.4 31.2 32.9 34.4 32.3 29.5 31.3 2.8
Tsk chest 32.2 34.8 29.3 33.2 35.0 35.5 34.4 31.6 33.2 2.1

Absolute Tsk lower back 31.6 34.3 29.7 33.1 35.0 34.3 34.4 30.6 32.9 2.0
or mean Tsk thigh 28.9 33.0 27.1 29.9 34.1 33.8 32.4 28.8 31.0 2.6

temperatures Tsk calf 28.6 32.7 26.5 29.6 32.3 32.2 32.8 28.6 30.4 2.4
at the point Tsk foot 28.7 32.7 27.1 29.2 32.5 33.1 31.4 27.9 30.3 2.4

of loss of Ťsk trunk 30.7 34.0 28.4 31.9 34.4 34.5 33.5 30.2 32.2 2.3
Comfort Ťsk distal limbs 29.4 33.1 27.1 30.5 32.9 33.4 32.6 28.8 31.0 2.4

Ťsk 30.3 33.7 27.9 31.4 33.9 34.1 33.2 29.7 31.8 2.3
(°C) Ťb 35.1 35.8 34.0 35.3 36.0 36.3 35.7 34.5 35.3 0.8

Tre 37.5 36.8 37.1 37.2 37.0 37.4 37.0 36.9 37.1 0.2
∆Tsk hand -4.3 -1.2 -7.1 -2.3 -1.5 -1.0 -1.2 -4.4 -2.9 2.2
∆Tsk forearm -5.6 -1.3 -8.6 -3.8 -1.8 -0.9 -1.6 -5.5 -3.6 2.7
∆Tsk upperarm -6.1 -0.8 -8.1 -4.2 -1.4 -0.9 -2.2 -5.1 -3.6 2.7

Change of temp. ∆Tsk chest -3.9 -0.4 -5.6 -2.6 -0.3 -0.3 -1.1 -3.3 -2.2 2.0
from t=10 mins ∆Tsk lower back -4.2 -0.9 -4.6 -1.9 -0.8 -0.5 -0.6 -4.5 -2.3 1.9

(water starts ∆Tsk thigh -6.7 -1.8 -7.5 -5.0 -1.5 -1.2 -2.1 -5.9 -3.9 2.6
cooling) ∆Tsk calf -6.2 -2.3 -7.9 -5.3 -2.5 -2.2 -2.2 -5.9 -4.3 2.3

to the point ∆Tsk foot -6.3 -1.7 -6.9 -3.5 -2.2 -1.4 -1.5 -5.1 -3.6 2.3
of loss of ∆Ťsk trunk -5.1 -1.0 -6.2 -3.3 -0.9 -0.7 -1.4 -4.6 -2.9 2.2
comfort ∆Ťsk distal limbs -5.8 -1.8 -7.7 -4.1 -2.1 -1.5 -1.7 -5.4 -3.8 2.3

∆Ťsk -5.3 -1.3 -6.7 -3.6 -1.3 -1.0 -1.5 -4.9 -3.2 2.2
(°C) ∆Ťb -1.8 -0.4 -2.2 -1.2 -0.5 -0.3 -0.5 -1.6 -1.1 0.7

∆Tre 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Rate of r∆Tsk hand -0.4 -0.4 -0.3 -0.4 -0.3 -0.3 -0.3 -0.3 -0.3 0.0

change of temp. r∆Tsk forearm -0.4 -0.4 -0.2 -0.5 -0.4 -0.3 -0.4 -0.4 -0.4 0.1
at the point r∆Tsk upperarm -0.5 -0.3 -0.3 -0.5 -0.4 -0.4 -0.5 -0.3 -0.4 0.1

of loss of comfort r∆Tsk chest -0.3 -0.2 -0.2 -0.3 -0.2 -0.3 -0.2 -0.3 -0.2 0.1
or r∆Tsk lower back -0.2 -0.2 -0.2 -0.3 -0.2 -0.1 -0.3 -0.3 -0.2 0.1

from t=10 mins r∆Tsk thigh -0.4 -0.5 -0.2 -0.5 -0.3 -0.4 -0.4 -0.4 -0.4 0.1
(water starts r∆Tsk calf -0.3 -0.5 -0.2 -0.4 -0.4 -0.6 -0.5 -0.4 -0.4 0.1

cooling) r∆Tsk foot -0.4 -0.4 -0.2 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 0.1
to the point r∆Ťsk trunk -0.3 -0.3 -0.2 -0.4 -0.3 -0.2 -0.3 -0.3 -0.3 0.1

of loss of r∆Ťsk distal limbs -0.4 -0.5 -0.2 -0.4 -0.4 -0.5 -0.4 -0.4 -0.4 0.1
comfort r∆Ťsk -0.3 -0.4 -0.2 -0.4 -0.3 -0.3 -0.4 -0.3 -0.3 0.1
(°C/min) r∆Ťb -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 0.0

Data sets when volunteers

reported being "Just Uncomfortable"

Study One - Rest - Long wetsuit + gloves + boots
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Annex 2  

Thermal profiles when “just uncomfortable” was reported in exercise 
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S1 S2 S3 S4 S5 S6 S7 S8 mean SD

m2 SA 1.6 1.9 2.0 1.7 1.9 1.8 1.8 2.1 1.8 0.2
kg Body mass 53.9 74.8 80.8 57.5 68.3 64.6 66.75 84 68.8 10.6
cm Body height 166.4 174 183 178.5 179.5 178 176.5 183.5 177.4 5.4
mm Sum 4 Skin folds 24.9 36.5 43.8 19.8 29 17.7 22.7 38.1 29.1 9.5

(°C) Water temp 29.6 32.1 31.4 33.0 27.8 28.9 31.0 29.4 30.4 1.8

(min) Time 15.0 12.5 12.8 11.5 16.0 15.0 13.0 14.0 13.7 1.5
Overall 4 4 4 4 6 4 4 4 4.3 0.7
Hand 6 8 6 4 8 4 4 6 5.8 1.7

Thermal Forearm 4 8 6 6 8 4 4 8 6.0 1.9
Comfort Upperarm 4 6 6 4 8 6 4 6 5.5 1.4

Votes Chest 4 4 4 4 4 4 4 6 4.3 0.7
at the point Lower back 6 4 4 4 6 4 4 6 4.8 1.0
of loss of Thigh 4 8 4 6 8 4 4 8 5.8 2.0
Comfort Calf 6 8 6 6 8 6 6 6 6.5 0.9

Foot 6 8 6 6 8 6 6 8 6.8 1.0
Forehead 4 4 8 6 8 6 6 6 6.0 1.5
Tsk hand 30.4 32.7 32.3 33.5 28.1 29.8 32.1 29.7 31.1 1.9
Tsk forearm 30.2 32.6 32.5 33.3 28.2 29.8 32.1 30.4 31.1 1.8
Tsk upperarm 30.5 33.1 32.8 34.0 29.4 30.2 32.7 31.0 31.7 1.6
Tsk chest 30.6 33.0 32.9 33.7 29.1 30.7 33.5 31.1 31.8 1.7

Absolute Tsk lower back 29.3 31.7 32.1 32.9 29.1 29.5 31.7 32.9 31.1 1.6
or mean Tsk thigh 29.1 32.6 32.5 33.6 28.0 30.2 32.5 30.8 31.1 2.0

temperatures Tsk calf 29.5 32.4 32.3 33.7 28.5 29.6 31.6 30.2 30.9 1.8
at the point Tsk foot 30.0 32.6 32.2 33.3 28.5 29.6 31.1 30.5 31.0 1.7
of loss of Tsk Forehead 28.6 31.3 31.5 33.3 28.9 29.3 31.4 31.0 30.6 1.6
Comfort Ťsk trunk 29.7 32.5 32.5 33.5 28.8 30.1 32.6 31.5 31.4 1.7

Ťsk distal limbs 29.9 32.5 32.3 33.5 28.3 29.6 31.7 30.2 31.0 1.7
(°C) Ťsk 29.7 32.4 32.4 33.5 28.6 29.9 32.2 31.0 31.2 1.7

Ťb 34.9 35.5 35.3 35.8 34.5 35.5 35.6 35.1 35.3 0.4
Tre 37.5 37.1 36.8 37.0 37.4 38.3 37.3 37.2 37.3 0.4
∆Tsk hand -4.4 -1.8 -2.1 -1.0 -6.2 -4.7 -2.4 -4.4 -3.4 1.8
∆Tsk forearm -4.6 -2.0 -2.0 -1.2 -6.2 -4.7 -2.4 -3.9 -3.4 1.7

Change of temp. ∆Tsk upperarm -4.3 -1.4 -1.6 -0.4 -5.1 -4.2 -1.8 -3.3 -2.7 1.7
from t=10 mins ∆Tsk chest -4.2 -1.5 -1.5 -0.7 -5.4 -3.6 -0.8 -3.1 -2.6 1.7
(water starts ∆Tsk lower back -5.7 -3.0 -2.4 -1.6 -5.5 -5.0 -3.0 -1.9 -3.5 1.6

cooling) ∆Tsk thigh -5.6 -1.8 -1.3 -0.6 -6.3 -4.1 -1.9 -3.5 -3.1 2.1
to the point ∆Tsk calf -5.2 -2.1 -2.0 -0.6 -5.9 -4.7 -2.9 -4.0 -3.4 1.8
of loss of ∆Tsk foot -4.9 -2.0 -2.2 -1.2 -6.0 -4.8 -3.5 -3.9 -3.5 1.7
comfort ∆Tsk forehead -5.9 -3.3 -3.0 -1.1 -5.6 -5.2 -3.2 -3.3 -3.8 1.6

∆Ťsk trunk -5.0 -2.0 -1.7 -0.9 -5.6 -4.2 -1.9 -2.9 -3.0 1.7
(°C) ∆Ťsk distal limbs -4.9 -2.0 -2.0 -0.9 -6.0 -4.7 -2.8 -4.0 -3.4 1.7

∆Ťsk -5.0 -2.1 -1.9 -0.9 -5.7 -4.4 -2.3 -3.3 -3.2 1.7
∆Ťb -1.6 -0.7 -0.7 -0.3 -1.9 -1.5 -0.7 -1.1 -1.1 0.5
∆Tre 0.0 -0.1 -0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Rate of r∆Tsk hand -1.0 -1.1 -1.1 -1.1 -1.0 -1.1 -1.2 -1.3 -1.1 0.1
change of temp. r∆Tsk forearm -0.9 -1.1 -1.1 -1.0 -1.0 -1.1 -1.1 -1.1 -1.0 0.1

at the point r∆Tsk upperarm -1.0 -1.0 -1.0 -0.7 -1.0 -0.9 -1.0 -0.9 -0.9 0.1
of loss of comfort r∆Tsk chest -1.2 -1.0 -0.9 -0.8 -1.0 -1.0 -0.8 -1.2 -1.0 0.2

r∆Tsk lower back -1.0 -1.5 -1.5 -1.5 -0.7 -1.0 -1.2 -0.8 -1.1 0.3
r∆Tsk thigh -1.0 -0.9 -0.8 -0.9 -0.9 -1.0 -0.5 -1.2 -0.9 0.2

or r∆Tsk calf -1.0 -0.9 -1.3 -1.0 -0.9 -1.1 -0.9 -1.1 -1.0 0.1
from t=10 mins r∆Tsk foot -0.9 -1.1 -1.0 -1.2 -0.9 -1.1 -1.1 -1.0 -1.0 0.1
(water starts r∆Tsk forehead -0.8 -1.4 -1.5 -0.9 -0.9 -0.6 -1.1 -1.5 -1.1 0.3

cooling) r∆Ťsk trunk -1.1 -1.1 -1.1 -1.0 -0.9 -1.0 -0.8 -1.0 -1.0 0.1
to the point r∆Ťsk distal limbs -0.9 -1.0 -1.1 -1.0 -0.9 -1.1 -1.0 -1.1 -1.0 0.1
of loss of r∆Ťsk -1.0 -1.1 -1.1 -1.0 -0.9 -1.0 -0.9 -1.1 -1.0 0.1
comfort r∆Tre 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
(°C/min) r∆Ťb -0.3 -0.4 -0.4 -0.4 -0.3 -0.3 -0.3 -0.4 -0.3 0.0

Data sets when volunteers Study Two - Exercise - Swim briefs

reported being "Just Uncomfortable"



 196

 

 

 

S1 S2 S3 S4 S5 S6 S7 S8 mean SD

m2 SA 1.6 1.9 2.0 1.7 1.9 1.8 1.8 2.1 1.8 0.2
kg Body mass 53.9 74.8 80.8 57.5 68.3 64.6 66.75 84 68.8 10.6
cm Body height 166.4 174 183 178.5 179.5 178 176.5 183.5 177.4 5.4
mm Sum 4 Skin folds 24.9 36.5 43.8 19.8 29 17.7 22.7 38.1 29.1 9.5

(°C) Water temp 27.1 31.4 29.3 31.1 21.3 22.9 31.3 24.6 27.4 4.0

(min) Time 17.5 13.8 14.5 13.0 25.5 22.0 13.0 20.0 17.4 4.7
Overall 4 8 4 4 4 4 4 4 4.5 1.4
Hand 8 10 6 6 8 6 6 8 7.3 1.5

Thermal Forearm 4 6 4 4 6 4 4 2 4.3 1.3
Comfort Upperarm 4 8 6 4 6 6 6 2 5.3 1.8

Votes Chest 6 10 6 4 4 6 4 2 5.3 2.4
at the point Lower back 8 8 6 6 6 6 6 2 6.0 1.9
of loss of Thigh 6 8 6 6 6 6 6 6 6.3 0.7
Comfort Calf 4 6 6 4 8 4 6 8 5.8 1.7

Foot 8 8 6 6 8 6 6 8 7.0 1.1
Forehead 4 4 4 4 8 4 4 6 4.8 1.5

Tsk hand 29.4 34.3 34.4 33.1 23.7 31.2 35.0 33.2 31.8 3.8
Tsk forearm 26.5 31.8 30.3 32.0 21.5 23.9 32.0 25.4 27.9 4.1
Tsk upperarm 31.7 34.9 31.2 32.5 28.2 30.3 34.7 31.6 31.9 2.2
Tsk chest 33.4 34.5 34.5 34.3 30.5 31.2 35.1 32.4 33.2 1.7

Absolute Tsk lower back 32.3 34.9 35.2 34.7 30.0 31.4 34.8 32.5 33.2 1.9
or mean Tsk thigh 32.6 34.5 34.3 34.5 29.4 31.3 34.5 31.8 32.9 1.9

temperatures Tsk calf 27.4 31.3 30.5 31.8 21.7 23.8 32.2 25.1 27.9 4.0
at the point Tsk foot 31.2 32.6 33.4 31.9 26.4 29.8 34.7 32.1 31.5 2.5
of loss of Tsk Forehead 30.3 30.1 29.6 31.4 21.7 24.0 31.6 25.6 28.0 3.8
Comfort Ťsk trunk 32.6 34.6 34.3 34.3 29.7 31.2 34.8 32.1 32.9 1.8

Ťsk distal limbs 28.3 32.1 31.7 32.0 23.0 26.3 33.1 27.9 29.3 3.5
(°C) Ťsk 31.1 33.5 33.1 33.3 27.0 29.1 34.0 30.3 31.4 2.5

Ťb 35.4 35.9 36.1 35.9 33.9 34.6 36.4 34.8 35.4 0.9
Tre 37.6 37.0 37.6 37.2 37.4 37.3 37.7 37.1 37.3 0.3
∆Tsk hand -5.3 -1.0 -0.9 -0.4 -10.4 -4.2 -0.3 -2.4 -3.1 3.4
∆Tsk forearm -8.2 -2.7 -4.3 -2.3 -12.6 -10.5 -2.4 -9.2 -6.5 4.1

Change of temp. ∆Tsk upperarm -3.7 -0.1 -3.3 -1.8 -6.5 -4.5 -0.3 -3.4 -2.9 2.1
from t=10 mins ∆Tsk chest -2.3 0.3 -0.8 -0.7 -4.6 -3.9 -0.3 -2.7 -1.9 1.7
(water starts ∆Tsk lower back -3.3 -0.1 -0.3 -0.3 -5.1 -3.9 -0.5 -2.8 -2.0 2.0

cooling) ∆Tsk thigh -2.3 -0.4 -0.6 0.0 -5.1 -3.8 -0.1 -3.2 -1.9 1.9
to the point ∆Tsk calf -7.1 -3.1 -3.9 -2.5 -12.4 -10.5 -2.1 -9.2 -6.3 4.0
of loss of ∆Tsk foot -0.9 -0.8 -0.7 -0.1 -5.5 -3.4 -0.6 -3.3 -1.9 1.9
comfort ∆Tsk forehead -4.4 -4.2 -5.0 -3.0 -12.5 -10.5 -2.9 -8.8 -6.4 3.7

∆Ťsk trunk -2.7 -0.1 -0.8 -0.5 -5.1 -3.9 -0.3 -3.0 -2.0 1.9
(°C) ∆Ťsk distal limbs -5.7 -2.2 -2.8 -1.6 -10.6 -7.9 -1.6 -6.8 -4.9 3.4

∆Ťsk -3.8 -1.1 -1.8 -1.0 -7.4 -5.6 -0.9 -4.6 -3.3 2.5
∆Ťb -1.2 -0.4 -0.6 -0.4 -2.4 -1.8 -0.3 -1.5 -1.1 0.8
∆Tre 0.0 0.0 0.0 -0.1 0.1 0.1 -0.1 0.0 0.0 0.1

Rate of r∆Tsk hand -0.3 -0.6 -0.3 -0.4 -0.5 -0.4 -0.3 -0.4 -0.4 0.1
change of temp. r∆Tsk forearm -0.7 -1.1 -1.0 -0.9 -0.5 -0.7 -0.9 -0.8 -0.8 0.2

at the point r∆Tsk upperarm -0.5 -0.3 -1.1 -1.1 -0.4 -0.4 -0.3 -0.5 -0.6 0.3
of loss of comfort r∆Tsk chest -0.9 -0.2 -0.4 -0.4 -0.3 -0.3 -0.2 -0.5 -0.4 0.2

r∆Tsk lower back -0.2 -0.1 -0.2 -0.2 -0.3 -0.4 -0.3 -0.6 -0.3 0.1
r∆Tsk thigh -0.4 -0.3 -0.3 -0.2 -0.4 -0.4 -0.3 -0.6 -0.3 0.1

or r∆Tsk calf -0.8 -1.3 -1.0 -1.3 -0.5 -0.7 -1.1 -0.8 -0.9 0.3
from t=10 mins r∆Tsk foot -0.3 -0.6 -0.4 -0.2 -0.5 -0.5 -0.4 -0.4 -0.4 0.1
(water starts r∆Tsk forehead -0.4 -1.2 -1.0 -1.2 -0.4 -0.6 -1.5 -0.5 -0.8 0.4

cooling) r∆Ťsk trunk -0.5 -0.2 -0.4 -0.3 -0.3 -0.4 -0.3 -0.6 -0.4 0.1
to the point r∆Ťsk distal limbs -0.6 -1.0 -0.7 -0.8 -0.5 -0.6 -0.8 -0.7 -0.7 0.2
of loss of r∆Ťsk -0.5 -0.5 -0.5 -0.6 -0.4 -0.5 -0.5 -0.6 -0.5 0.1
comfort r∆Tre 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
(°C/min) r∆Ťb -0.2 -0.2 -0.2 -0.2 -0.1 -0.1 -0.2 -0.2 -0.2 0.0

Data sets when volunteers Study Two - Exercise - Short wetsuit + gloves + boots

reported being "Just Uncomfortable"
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S1 S2 S3 S4 S5 S6 S7 S8 mean SD

m2 SA 1.6 1.9 2.0 1.7 1.9 1.8 1.8 2.1 1.8 0.2
kg Body mass 53.9 74.8 80.8 57.5 68.3 64.6 66.8 84.0 68.8 10.6
cm Body height 166.4 174.0 183.0 178.5 179.5 178.0 176.5 183.5 177.4 5.4
mm Sum 4 Skin folds 24.9 36.5 43.8 19.8 29.0 17.7 22.7 38.1 29.1 9.5

(°C) Water temp 23.2 31.0 25.3 25.0 20.3 24.0 30.0 23.2 25.3 3.6

(min) Time 22.0 13.0 19.0 19.5 27.0 21.5 13.5 22.0 19.7 4.6
Overall 4 6 4 4 4 4 4 4 4.3 0.7
Hand 8 8 4 4 8 6 4 4 5.8 2.0

Thermal Forearm 8 10 4 4 8 6 6 4 6.3 2.3
Comfort Upperarm 8 10 4 6 6 6 6 6 6.5 1.8

Votes Chest 4 8 4 6 4 4 4 4 4.8 1.5
at the point Lower back 4 8 4 4 6 6 6 4 5.3 1.5
of loss of Thigh 6 8 4 6 4 6 8 8 6.3 1.7
Comfort Calf 8 8 4 4 8 6 8 8 6.8 1.8

Foot 6 8 4 4 8 6 4 6 5.8 1.7
Forehead 6 2 2 4 8 4 4 6 4.5 2.1

Tsk hand 24.1 32.4 26.0 25.1 20.3 25.0 30.4 23.4 25.8 3.9
Tsk forearm 31.1 35.3 32.1 31.3 29.1 31.4 34.7 30.2 31.9 2.1
Tsk upperarm 30.1 34.9 31.2 32.2 29.5 29.9 34.3 30.3 31.5 2.1
Tsk chest 29.4 34.7 32.7 33.4 30.8 30.4 35.2 32.2 32.3 2.1

Absolute Tsk lower back 32.6 35.5 34.2 31.8 29.5 31.8 35.1 34.3 33.1 2.0
or mean Tsk thigh 32.1 35.2 31.9 32.5 28.8 32.3 34.6 31.5 32.4 2.0

temperatures Tsk calf 30.6 34.6 31.5 30.2 28.1 31.0 33.9 29.6 31.2 2.2
at the point Tsk foot 23.5 31.5 25.7 25.6 21.1 24.8 30.8 24.2 25.9 3.6
of loss of Tsk Forehead 23.0 30.5 26.4 25.1 20.7 25.1 30.9 23.7 25.7 3.5
Comfort Ťsk trunk 31.2 35.1 32.7 32.5 29.7 31.3 34.8 32.3 32.5 1.8

Ťsk distal limbs 28.1 33.7 29.5 28.6 25.5 28.8 32.8 27.5 29.3 2.7
(°C) Ťsk 29.6 34.3 31.2 30.7 27.7 30.1 33.9 30.2 31.0 2.2

Ťb 35.0 36.1 35.5 35.0 34.1 34.8 36.1 34.7 35.2 0.7
Tre 37.7 37.0 37.6 37.1 37.2 37.2 37.2 37.0 37.2 0.3
∆Tsk hand -10.4 -2.1 -8.5 -9.2 -13.9 -9.6 -3.8 -10.8 -8.5 3.8
∆Tsk forearm -4.5 -0.3 -3.2 -3.3 -6.0 -3.9 -0.6 -5.0 -3.3 2.0

Change of temp. ∆Tsk upperarm -5.2 -0.4 -3.7 -2.3 -5.4 -5.0 -0.9 -4.6 -3.4 2.0
from t=10 mins ∆Tsk chest -6.1 -0.8 -0.4 -1.7 -4.6 -4.8 -0.5 -3.2 -2.7 2.2
(water starts ∆Tsk lower back -3.2 -0.2 -1.3 -3.2 -5.5 -3.6 -0.5 -1.3 -2.3 1.8

cooling) ∆Tsk thigh -3.3 -0.1 -1.9 -2.0 -6.0 -3.0 -0.4 -3.8 -2.5 1.9
to the point ∆Tsk calf -4.5 -0.4 -3.3 -4.2 -6.6 -3.8 -0.8 -4.8 -3.5 2.0
of loss of ∆Tsk foot -11.2 -3.2 -8.8 -8.7 -13.4 -9.8 -3.8 -10.3 -8.6 3.5
comfort ∆Tsk forehead -11.6 -4.0 -8.2 -9.3 -13.8 -9.5 -3.6 -10.6 -8.8 3.5

∆Ťsk trunk -4.2 -0.4 -1.5 -2.3 -5.4 -3.9 -0.5 -3.0 -2.6 1.8
(°C) ∆Ťsk distal limbs -6.8 -1.3 -5.3 -5.7 -9.1 -6.0 -1.9 -7.0 -5.4 2.6

∆Ťsk -5.6 -0.9 -3.2 -3.9 -7.1 -5.0 -1.1 -4.8 -3.9 2.1
∆Ťb -1.6 -0.3 -1.1 -1.3 -2.3 -1.6 -0.3 -1.6 -1.3 0.7
∆Tre 0.4 0.0 -0.1 0.0 0.1 0.1 0.0 0.0 0.1 0.2

Rate of r∆Tsk hand -0.7 -1.2 -1.0 -0.9 -0.5 -0.8 -0.9 -0.7 -0.8 0.2
change of temp. r∆Tsk forearm -0.5 -0.3 -0.5 -0.7 -0.4 -0.4 -0.4 -0.4 -0.4 0.1

at the point r∆Tsk upperarm -0.6 -0.4 -0.6 -0.4 -0.3 -0.5 -0.5 -0.5 -0.5 0.1
of loss of comfort r∆Tsk chest -0.5 -0.4 -0.3 -0.3 -0.3 -0.3 -0.3 -0.4 -0.3 0.1

r∆Tsk lower back -0.5 -0.2 -0.3 -0.4 -0.3 -0.3 -0.4 -0.2 -0.3 0.1
r∆Tsk thigh -0.5 -0.2 -0.5 -0.4 -0.4 -0.4 -0.2 -0.3 -0.3 0.1

or r∆Tsk calf -0.5 -0.3 -0.5 -0.6 -0.4 -0.4 -0.4 -0.4 -0.4 0.1
from t=10 mins r∆Tsk foot -0.6 -1.4 -0.8 -0.7 -0.5 -0.6 -1.3 -0.6 -0.8 0.3
(water starts r∆Tsk forehead -1.1 -1.8 -0.8 -0.7 -0.4 -0.5 -1.0 -0.6 -0.8 0.4

cooling) r∆Ťsk trunk -0.5 -0.3 -0.4 -0.4 -0.3 -0.3 -0.3 -0.3 -0.4 0.1
to the point r∆Ťsk distal limbs -0.5 -0.7 -0.6 -0.7 -0.4 -0.5 -0.7 -0.5 -0.6 0.1
of loss of r∆Ťsk -0.6 -0.5 -0.5 -0.5 -0.4 -0.4 -0.5 -0.4 -0.5 0.1
comfort r∆Tre 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
(°C/min) r∆Ťb -0.2 -0.2 -0.2 -0.2 -0.1 -0.1 -0.1 -0.1 -0.1 0.0

Data sets when volunteers

reported being "Just Uncomfortable"

Study Two - Exercise - Long wetsuit



 198

 

 

 

S1 S2 S3 S4 S5 S6 S7 S8 mean SD

m2 SA 1.6 1.9 2.0 1.7 1.9 1.8 1.8 2.1 1.8 0.2
kg Body mass 53.9 74.8 80.8 57.5 68.3 64.6 66.8 84.0 68.8 10.6
cm Body height 166.4 174.0 183.0 178.5 179.5 178.0 176.5 183.5 177.4 5.4
mm Sum 4 Skin folds 24.9 36.5 43.8 19.8 29.0 17.7 22.7 38.1 29.1 9.5

(°C) Water temp 24.3 29.8 29.1 29.1 28.8 23.4 29.3 20.0 26.7 3.6

(min) Time 20.0 14.0 14.5 15.0 15.0 22.0 14.5 50.0 20.6 12.2
Overall 4 4 4 4 4 4 4 4 4.0 0.0
Hand 8 10 6 6 8 6 6 8 7.3 1.5

Thermal Forearm 8 8 6 4 6 6 6 8 6.5 1.4
Comfort Upperarm 8 8 6 4 6 6 4 6 6.0 1.5

Votes Chest 4 8 6 6 4 6 4 4 5.3 1.5
at the point Lower back 4 6 6 4 6 4 4 4 4.8 1.0
of loss of Thigh 6 8 6 6 6 6 6 8 6.5 0.9
Comfort Calf 8 8 6 4 8 6 6 8 6.8 1.5

Foot 8 10 6 6 8 6 6 8 7.3 1.5
Forehead 6 4 4 4 8 4 2 6 4.8 1.8
Tsk hand 32.2 34.6 34.4 33.8 33.6 31.8 34.6 25.5 32.6 3.1
Tsk forearm 32.2 34.9 34.3 34.3 33.5 31.5 34.5 26.4 32.7 2.8
Tsk upperarm 31.1 34.4 34.1 34.0 33.3 28.3 33.9 25.8 31.8 3.2
Tsk chest 31.6 34.6 32.7 34.3 33.8 31.5 34.6 25.9 32.3 2.9

Absolute Tsk lower back 32.2 35.1 34.5 33.9 33.7 31.2 34.2 28.6 32.9 2.2
or mean Tsk thigh 32.5 34.6 33.7 33.8 33.2 32.5 34.4 26.4 32.6 2.6

temperatures Tsk calf 30.5 33.2 33.7 33.1 33.5 29.6 33.1 24.6 31.4 3.2
at the point Tsk foot 30.5 32.3 32.9 31.9 31.4 29.5 33.5 24.1 30.7 3.0
of loss of Tsk Forehead 23.2 28.1 30.3 28.7 29.3 23.7 29.9 20.7 26.7 3.6
Comfort Ťsk trunk 32.0 34.7 33.6 34.0 33.5 31.3 34.3 26.8 32.5 2.6

Ťsk distal limbs 31.1 33.6 33.7 33.2 33.0 30.3 33.7 25.0 31.7 3.0
(°C) Ťsk 31.1 33.9 33.4 33.4 33.1 30.5 33.8 25.8 31.9 2.8

Ťb 35.4 36.2 36.1 35.7 35.9 35.2 36.4 33.8 35.6 0.8
Tre 37.6 37.4 37.4 36.9 37.4 37.6 37.8 37.7 37.5 0.3
∆Tsk hand -2.8 -0.4 -0.9 -0.8 -0.4 -3.2 -0.5 -9.7 -2.3 3.2
∆Tsk forearm -3.1 -0.4 -1.1 -0.7 -1.2 -3.5 -0.8 -9.1 -2.5 2.9

Change of temp. ∆Tsk upperarm -3.7 -0.4 -0.6 -0.7 -1.1 -6.5 -1.1 -9.4 -2.9 3.3
from t=10 mins ∆Tsk chest -3.5 -0.5 -1.2 -0.8 -1.2 -3.1 -0.8 -9.2 -2.5 2.9
(water starts ∆Tsk lower back -3.2 -0.4 -0.5 -0.9 -1.3 -4.1 -1.0 -6.9 -2.3 2.3

cooling) ∆Tsk thigh -2.3 -0.3 -0.2 -0.9 -1.3 -3.1 -0.6 -8.7 -2.1 2.8
to the point ∆Tsk calf -3.6 -0.8 -1.1 -1.2 -1.3 -4.8 -1.1 -10.1 -3.0 3.2
of loss of ∆Tsk foot -2.0 -0.2 -0.6 -0.4 -0.2 -2.1 -0.9 -11.3 -2.2 3.7
comfort ∆Tsk forehead -11.2 -6.3 -4.3 -5.8 -5.0 -10.8 -4.5 -13.6 -7.7 3.6

∆Ťsk trunk -3.1 -0.4 -0.6 -0.8 -1.2 -3.7 -0.8 -8.4 -2.4 2.7
(°C) ∆Ťsk distal limbs -3.0 -0.5 -1.0 -0.8 -0.9 -3.7 -0.9 -10.0 -2.6 3.2

∆Ťsk -3.6 -0.8 -1.0 -1.2 -1.4 -4.2 -1.1 -9.3 -2.8 2.9
∆Ťb -1.2 -0.2 -0.4 -0.3 -0.5 -1.3 -0.4 -3.1 -0.9 0.9
∆Tre 0.0 0.1 -0.1 0.1 -0.1 0.1 0.0 0.0 0.0 0.1

Rate of r∆Tsk hand -0.5 -0.3 -0.4 -0.3 -0.3 -0.4 -0.3 0.0 -0.3 0.1
change of temp. r∆Tsk forearm -0.5 -0.4 -0.3 -0.4 -0.4 -0.4 -0.3 -0.1 -0.3 0.1

at the point r∆Tsk upperarm -0.5 -0.4 -0.3 -0.3 -0.5 -0.5 -0.4 -0.1 -0.4 0.2
of loss of comfort r∆Tsk chest -0.6 -0.3 -0.8 -0.3 -0.4 -0.3 -0.4 -0.2 -0.4 0.2

r∆Tsk lower back -0.7 -0.3 -0.3 -0.4 -0.4 -0.4 -0.4 0.0 -0.4 0.2
r∆Tsk thigh -0.4 -0.3 -0.3 -0.4 -0.4 -0.3 -0.4 0.0 -0.3 0.1

or r∆Tsk calf -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 0.0 -0.4 0.1
from t=10 mins r∆Tsk foot -0.3 -0.2 -0.3 -0.3 -0.2 -0.3 -0.4 -0.1 -0.3 0.1
(water starts r∆Tsk forehead -0.6 -1.3 -1.0 -1.0 -0.8 -0.6 -1.0 0.0 -0.8 0.4

cooling) r∆Ťsk trunk -0.6 -0.3 -0.4 -0.4 -0.4 -0.4 -0.4 -0.1 -0.4 0.1
to the point r∆Ťsk distal limbs -0.4 -0.3 -0.4 -0.4 -0.3 -0.4 -0.4 0.0 -0.3 0.1
of loss of r∆Ťsk -0.5 -0.4 -0.5 -0.4 -0.4 -0.4 -0.4 -0.1 -0.4 0.1
comfort r∆Tre 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
(°C/min) r∆Ťb -0.2 -0.1 -0.2 -0.1 -0.2 -0.1 -0.2 0.0 -0.1 0.0

Data sets when volunteers

reported being "Just Uncomfortable"

Study Two - Exercise - Long wetsuit + gloves + boots
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S1 S2 S3 S4 S5 S6 S7 S8 mean SD

m2 SA 1.6 1.9 2.0 1.7 1.8 1.8 1.8 0.1
kg Body mass 53.9 74.8 80.8 57.5 64.6 66.8 66.4 10.2
cm Body height 166.4 174.0 183.0 178.5 178.0 176.5 176.1 5.6
mm Sum 4 Skin folds 24.9 36.5 43.8 19.8 17.7 22.7 27.6 10.3

(°C) Water temp 19.8 26.2 24.6 25.1 22.5 27.9 24.3 2.9

(min) Time 48.0 18.0 20.0 19.3 23.3 16.0 24.1 12.0
Overall 4 4 4 4 4 4 4.0 0.0
Hand 6 8 6 6 6 6 6.3 0.8

Thermal Forearm 6 8 6 4 6 6 6.0 1.3
Comfort Upperarm 6 8 6 6 4 4 5.7 1.5

Votes Chest 2 6 6 6 4 4 4.7 1.6
at the point Lower back 6 4 4 4 4 6 4.7 1.0
of loss of Thigh 6 8 6 6 6 8 6.7 1.0
Comfort Calf 8 8 6 6 6 8 7.0 1.1

Foot 8 8 6 6 6 8 7.0 1.1
Forehead 6 8 8 6 6 8 7.0 1.1
Tsk hand 24.8 33.2 32.4 32.8 32.0 34.3 31.6 3.4
Tsk forearm 27.1 33.2 32.3 32.4 31.7 34.4 31.8 2.5
Tsk upperarm 25.1 32.4 31.4 32.5 29.2 33.5 30.7 3.1
Tsk chest 26.6 32.8 31.9 33.6 32.3 34.5 31.9 2.8

Absolute Tsk lower back 27.7 32.6 34.1 32.9 32.1 33.8 32.2 2.3
or mean Tsk thigh 27.8 32.2 32.0 32.6 32.2 33.4 31.7 2.0

temperatures Tsk calf 25.0 32.0 31.4 31.2 29.9 33.1 30.4 2.9
at the point Tsk foot 22.4 31.7 31.4 31.1 30.5 33.5 30.1 3.9
of loss of Tsk Forehead 31.9 34.0 34.5 34.2 33.7 32.0 33.4 1.1
Comfort Ťsk trunk 27.1 32.5 32.5 32.9 31.9 33.8 31.8 2.4

Ťsk distal limbs 24.8 32.3 31.7 31.7 30.7 33.6 30.8 3.1
(°C) Ťsk 26.7 32.6 32.4 32.6 31.6 33.6 31.6 2.5

Ťb 34.1 35.8 35.9 35.5 35.5 36.3 35.5 0.8
Tre 37.8 37.4 37.7 36.9 37.4 37.7 37.5 0.3
∆Tsk hand -10.2 -2.0 -3.2 -2.4 -3.9 -1.4 -3.8 3.2
∆Tsk forearm -8.4 -2.2 -3.0 -2.9 -4.5 -1.4 -3.7 2.5

Change of temp. ∆Tsk upperarm -10.0 -2.5 -3.2 -2.6 -6.0 -1.9 -4.4 3.1
from t=10 mins ∆Tsk chest -8.8 -2.0 -3.2 -1.1 -3.3 -1.2 -3.2 2.9
(water starts ∆Tsk lower back -7.6 -2.7 -1.5 -2.4 -3.5 -1.8 -3.2 2.3

cooling) ∆Tsk thigh -6.6 -2.6 -2.2 -2.6 -3.8 -1.9 -3.2 1.7
to the point ∆Tsk calf -9.0 -2.8 -3.4 -3.3 -4.7 -1.7 -4.1 2.6
of loss of ∆Tsk foot -10.0 -1.8 -3.0 -1.9 -4.3 -1.7 -3.8 3.2
comfort ∆Tsk forehead -4.4 -1.8 -1.6 -1.7 -2.7 -3.3 -2.6 1.1

∆Ťsk trunk -7.9 -2.4 -2.4 -2.1 -3.8 -1.6 -3.4 2.3
(°C) ∆Ťsk distal limbs -9.3 -2.3 -3.2 -2.8 -4.4 -1.5 -3.9 2.8

∆Ťsk -8.1 -2.3 -2.6 -2.3 -3.9 -1.7 -3.5 2.4
∆Ťb -2.6 -0.7 -0.8 -0.6 -1.3 -0.6 -1.1 0.8
∆Tre 0.1 0.0 0.1 0.1 0.0 0.0 0.1 0.1

Rate of r∆Tsk hand 0.0 -0.3 -0.4 -0.4 -0.4 -0.4 -0.3 0.2
change of temp. r∆Tsk forearm 0.0 -0.4 -0.4 -0.5 -0.6 -0.3 -0.4 0.2

at the point r∆Tsk upperarm -0.1 -0.4 -0.5 -0.4 -0.6 -0.4 -0.4 0.2
of loss of comfort r∆Tsk chest 0.0 -0.4 -0.5 -0.3 -0.3 -0.4 -0.3 0.2

r∆Tsk lower back 0.0 -0.3 -0.2 -0.3 -0.4 -0.4 -0.3 0.2
r∆Tsk thigh -0.1 -0.4 -0.4 -0.4 -0.3 -0.5 -0.4 0.2

or r∆Tsk calf -0.1 -0.4 -0.5 -0.4 -0.4 -0.4 -0.4 0.2
from t=10 mins r∆Tsk foot -0.1 -0.4 -0.5 -0.4 -0.4 -0.4 -0.3 0.1
(water starts r∆Tsk forehead 0.0 -0.3 -0.2 -0.2 -0.1 -0.4 -0.2 0.1

cooling) r∆Ťsk trunk 0.0 -0.4 -0.4 -0.4 -0.4 -0.4 -0.3 0.1
to the point r∆Ťsk distal limbs 0.0 -0.4 -0.4 -0.4 -0.4 -0.4 -0.3 0.1
of loss of r∆Ťsk 0.0 -0.4 -0.4 -0.4 -0.4 -0.4 -0.3 0.1
comfort r∆Tre 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
(°C/min) r∆Ťb 0.0 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 0.0

reported being "Just Uncomfortable"

Study Two - Exercise - Long wetsuit + gloves + boots + hoodData sets when volunteers



 200

Annex 3 

Thermal profiles when “uncomfortable” was reported in exercise 
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S1 S2 S3 S4 S5 S6 S7 S8 mean SD

m2 SA 1.6 1.9 2.0 1.7 1.9 1.8 1.8 2.1 1.8 0.2
kg Body mass 53.9 74.8 80.8 57.5 68.3 64.6 66.8 84.0 68.8 10.6
cm Body height 166.4 174.0 183.0 178.5 179.5 178.0 176.5 183.5 177.4 5.4

mm Sum 4 Skin folds 24.9 36.5 43.8 19.8 29.0 17.7 22.7 38.1 29.1 9.5

(°C) Water temp 26.8 30.8 26.8 19.8 21.2 24.9 29.0 20.8 25.0 4.0

(min) Time 18.0 13.7 17.0 32.5 26.0 19.5 15.0 26.0 21.0 6.5

Tsk hand 27.3 31.7 28.0 19.8 21.3 25.8 29.5 20.4 25.5 4.5
Tsk forearm 27.4 31.4 27.7 19.9 21.3 25.6 29.9 21.4 25.5 4.3
Tsk upperarm 27.4 32.1 27.9 20.4 22.6 25.9 30.5 21.6 26.0 4.2
Tsk chest 27.6 31.8 28.5 20.6 21.8 26.5 31.1 21.5 26.1 4.4

Absolute Tsk lower back 26.8 30.3 27.7 20.5 21.7 25.9 29.3 27.4 26.2 3.5
or mean Tsk thigh 26.4 31.9 28.0 20.0 21.6 26.0 30.2 21.4 25.7 4.3

temperatures Tsk calf 26.7 31.5 27.8 19.9 21.7 25.7 29.7 21.3 25.5 4.2
at the point Tsk foot 27.0 31.4 27.6 19.9 21.6 25.8 29.1 21.7 25.5 4.1
of loss of Tsk Forehead 26.1 30.4 26.6 20.5 22.0 25.2 29.2 23.5 25.4 3.4
Comfort Ťsk trunk 26.9 31.4 28.0 20.3 21.8 26.1 30.2 23.2 26.0 4.0

Ťsk distal limbs 27.0 31.5 27.7 19.8 21.5 25.7 29.6 21.2 25.5 4.2
(°C) Ťsk 26.9 31.4 27.8 20.2 21.7 25.9 29.9 22.6 25.8 4.0

Ťb 34.0 35.2 33.8 31.0 32.3 34.1 34.9 32.4 33.5 1.4
Tre 37.5 37.1 36.8 36.4 37.5 38.2 37.3 37.2 37.2 0.5

∆Tsk hand -7.5 -2.9 -6.4 -14.7 -12.9 -8.7 -5.0 -13.7 -9.0 4.3
∆Tsk forearm -7.5 -3.1 -6.8 -14.6 -13.1 -8.9 -4.7 -12.9 -8.9 4.2

Change of temp. ∆Tsk upperarm -7.3 -2.4 -6.4 -14.1 -11.9 -8.5 -4.0 -12.6 -8.4 4.2
from t=10 mins ∆Tsk chest -7.2 -2.7 -5.9 -13.8 -12.6 -7.9 -3.2 -12.8 -8.2 4.4
(water starts ∆Tsk lower back -8.2 -4.4 -6.9 -14.1 -12.8 -8.6 -5.4 -7.3 -8.4 3.4

cooling) ∆Tsk thigh -8.3 -2.5 -5.8 -14.3 -12.7 -8.3 -4.2 -12.8 -8.6 4.3
to the point ∆Tsk calf -8.0 -2.9 -6.5 -14.5 -12.7 -8.7 -4.8 -12.9 -8.8 4.1
of loss of ∆Tsk foot -7.8 -3.1 -6.9 -14.6 -12.8 -8.6 -5.5 -12.8 -9.0 4.0
comfort ∆Tsk forehead -8.4 -4.2 -7.9 -14.0 -12.4 -9.3 -5.4 -10.8 -9.0 3.3

∆Ťsk trunk -7.8 -3.0 -6.2 -14.0 -12.6 -8.3 -4.2 -11.2 -8.4 3.9
(°C) ∆Ťsk distal limbs -7.7 -3.0 -6.6 -14.5 -12.8 -8.7 -4.9 -13.0 -8.9 4.2

∆Ťsk -7.8 -3.1 -6.4 -14.2 -12.7 -8.5 -4.5 -11.7 -8.6 4.0
∆Ťb -2.6 -1.0 -2.2 -5.1 -4.1 -2.8 -1.5 -3.8 -2.9 1.4
∆Tre 0.0 0.0 -0.1 -0.6 0.1 0.0 0.0 0.1 -0.1 0.2

Rate of r∆Tsk hand -0.7 -1.0 -0.9 0.0 -0.5 -0.8 -1.0 -0.4 -0.7 0.3
change of temp. r∆Tsk forearm -0.8 -1.2 -0.8 0.0 -0.5 -0.8 -1.1 -0.5 -0.7 0.4

at the point r∆Tsk upperarm -1.1 -1.2 -1.0 0.0 -0.5 -0.8 -1.0 -0.5 -0.7 0.4
of loss of comfort r∆Tsk chest -1.0 -1.1 -0.7 0.1 -0.5 -0.9 -1.1 -0.4 -0.7 0.4

r∆Tsk lower back -0.8 -1.1 -0.9 0.0 -0.5 -0.7 -1.1 -0.4 -0.7 0.4
r∆Tsk thigh -0.8 -1.2 -1.0 0.0 -0.4 -0.9 -1.3 -0.5 -0.8 0.4

or r∆Tsk calf -0.9 -1.1 -0.9 0.0 -0.5 -0.8 -0.9 -0.6 -0.7 0.3
from t=10 mins r∆Tsk foot -0.8 -1.1 -0.6 0.0 -0.5 -0.8 -1.0 -0.5 -0.7 0.3
(water starts r∆Tsk forehead -0.6 -1.1 -0.7 0.1 -0.4 -0.7 -0.9 -0.5 -0.6 0.3

cooling) r∆Ťsk trunk -0.9 -1.1 -0.9 0.0 -0.5 -0.8 -1.1 -0.5 -0.7 0.4
to the point r∆Ťsk distal limbs -0.8 -1.1 -0.8 0.0 -0.5 -0.8 -1.0 -0.5 -0.7 0.3
of loss of r∆Ťsk -0.8 -1.1 -0.8 0.0 -0.5 -0.8 -1.1 -0.5 -0.7 0.4
comfort r∆Tre 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

(°C/min) r∆Ťb -0.3 -0.4 -0.3 0.0 -0.2 -0.3 -0.4 -0.2 -0.2 0.1

Data sets when volunteers Study Two - Exercise - Swim briefs

reported being "Uncomfortable"
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S1 S2 S3 S4 S5 S6 S7 S8 mean SD

m2 SA 1.6 1.9 2.0 1.7 1.9 1.8 1.8 2.1 1.8 0.2
kg Body mass 53.9 74.8 80.8 57.5 68.3 64.6 66.8 84.0 68.8 10.6
cm Body height 166.4 174.0 183.0 178.5 179.5 178.0 176.5 183.5 177.4 5.4

mm Sum 4 Skin folds 24.9 36.5 43.8 19.8 29.0 17.7 22.7 38.1 29.1 9.5

(°C) Water temp 19.8 23.3 24.8 24.6 19.5 19.8 28.5 21.0 22.7 3.2

(min) Time 35.0 22.5 19.5 20.0 34.0 38.0 15.5 26.0 26.3 8.4
Tsk hand 21.4 30.0 31.6 29.0 21.1 25.4 34.1 30.4 27.9 4.8
Tsk forearm 19.5 23.5 25.9 25.0 19.7 19.9 29.5 21.6 23.0 3.6
Tsk upperarm 25.8 30.4 27.2 26.2 25.7 26.1 33.7 28.6 27.9 2.8
Tsk chest 28.8 29.9 32.0 30.6 28.8 28.6 34.4 30.1 30.4 2.0

Absolute Tsk lower back 26.7 32.2 34.1 32.5 27.7 27.5 33.6 29.8 30.5 3.0
or mean Tsk thigh 28.0 30.4 32.2 32.5 27.3 27.7 33.6 29.2 30.1 2.4

temperatures Tsk calf 19.6 23.7 25.6 24.9 19.8 20.0 29.6 21.5 23.1 3.5
at the point Tsk foot 24.0 27.7 31.5 29.5 23.1 24.5 33.8 29.7 27.9 3.8
of loss of Tsk Forehead 23.4 22.8 25.4 25.7 20.1 21.1 28.9 22.2 23.7 2.9
Comfort Ťsk trunk 27.6 30.8 32.1 31.2 27.6 27.7 33.8 29.5 30.0 2.3

Ťsk distal limbs 20.8 25.5 27.9 26.5 20.7 21.8 31.2 24.7 24.9 3.7
(°C) Ťsk 25.1 28.5 30.3 29.3 24.9 25.3 32.6 27.5 27.9 2.8

Ťb 33.6 34.3 35.1 34.6 33.3 33.3 36.0 34.0 34.3 0.9
Tre 37.9 37.2 37.5 37.3 37.5 37.2 37.7 37.2 37.4 0.3
∆Tsk hand -13.2 -5.3 -3.7 -4.6 -12.9 -9.9 -1.2 -5.2 -7.0 4.5
∆Tsk forearm -15.2 -11.1 -8.7 -9.4 -14.4 -14.5 -4.9 -12.9 -11.4 3.6

Change of temp. ∆Tsk upperarm -9.6 -4.7 -7.3 -8.1 -9.0 -8.6 -1.3 -6.5 -6.9 2.7
from t=10 mins ∆Tsk chest -6.9 -4.4 -3.3 -4.5 -6.2 -6.5 -1.0 -5.0 -4.7 1.9
(water starts ∆Tsk lower back -8.9 -2.9 -1.4 -2.4 -7.4 -7.8 -1.7 -5.6 -4.8 3.0

cooling) ∆Tsk thigh -7.0 -4.5 -2.7 -2.1 -7.2 -7.4 -1.1 -5.8 -4.7 2.5
to the point ∆Tsk calf -14.9 -10.7 -8.8 -9.3 -14.4 -14.3 -4.7 -12.8 -11.2 3.5
of loss of ∆Tsk foot -8.1 -5.7 -2.7 -2.6 -8.8 -8.7 -1.6 -5.8 -5.5 2.9
comfort ∆Tsk forehead -11.3 -11.6 -9.2 -8.7 -14.1 -13.4 -5.5 -12.2 -10.7 2.8

∆Ťsk trunk -7.8 -4.0 -3.0 -3.5 -7.2 -7.4 -1.2 -5.6 -5.0 2.4
(°C) ∆Ťsk distal limbs -13.2 -8.8 -6.6 -7.1 -12.9 -12.4 -3.5 -10.1 -9.3 3.5

∆Ťsk -9.8 -6.1 -4.6 -5.0 -9.5 -9.4 -2.3 -7.5 -6.8 2.7
∆Ťb -3.0 -1.9 -1.6 -1.6 -3.0 -3.1 -0.8 -2.4 -2.2 0.8
∆Tre 0.4 0.2 -0.1 0.0 0.2 0.1 -0.1 0.1 0.1 0.1

Rate of r∆Tsk hand -0.2 -0.8 -1.2 -0.4 -0.1 -0.3 -0.4 -0.4 -0.5 0.4
change of temp. r∆Tsk forearm 0.0 -0.8 -0.8 -0.9 0.0 0.0 -1.2 -0.5 -0.5 0.5

at the point r∆Tsk upperarm -0.1 -0.5 -0.6 -0.4 -0.3 0.0 -0.7 -0.4 -0.4 0.2
of loss of comfort r∆Tsk chest 0.1 -0.4 -0.5 -0.6 -0.1 0.0 -0.3 -0.3 -0.3 0.3

r∆Tsk lower back -0.3 -0.4 -0.2 -0.4 -0.1 -0.1 -0.4 -0.6 -0.3 0.2
r∆Tsk thigh -0.1 -0.4 -0.4 -0.3 -0.1 0.0 -0.4 -0.4 -0.3 0.2

or r∆Tsk calf -0.1 -0.6 -0.7 -0.8 0.0 0.0 -1.0 -0.5 -0.5 0.4
from t=10 mins r∆Tsk foot -0.3 -0.5 -0.4 -0.4 -0.3 -0.2 -0.4 -0.4 -0.4 0.1
(water starts r∆Tsk forehead 1.3 -0.6 -0.8 -0.7 0.0 0.0 -1.0 -0.4 -0.3 0.7

cooling) r∆Ťsk trunk -0.1 -0.4 -0.4 -0.4 -0.1 0.0 -0.4 -0.4 -0.3 0.2
to the point r∆Ťsk distal limbs -0.1 -0.6 -0.8 -0.7 -0.1 -0.1 -0.8 -0.5 -0.5 0.3
of loss of r∆Ťsk 0.0 -0.5 -0.6 -0.5 -0.1 0.0 -0.6 -0.4 -0.3 0.3
comfort r∆Tre 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
(°C/min) r∆Ťb 0.0 -0.2 -0.2 -0.2 0.0 0.0 -0.2 -0.1 -0.1 0.1

Data sets when volunteers Study Two - Exercise - Short wet suit + gloves + boots

reported being "Uncomfortable"
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S1 S2 S3 S4 S5 S6 S7 S8 mean SD

m2 SA 1.6 1.9 2.0 1.7 1.8 1.8 2.1 1.8 0.2
kg Body mass 53.9 74.8 80.8 57.5 64.6 66.8 84.0 68.9 11.4
cm Body height 166.4 174.0 183.0 178.5 178.0 176.5 183.5 177.1 5.8

mm Sum 4 Skin folds 24.9 36.5 43.8 19.8 17.7 22.7 38.1 29.1 10.2

(°C) Water temp 21.5 21.4 23.6 19.9 21.0 27.5 19.5 22.1 2.8

(min) Time 25.0 25.0 21.0 49.0 27.0 16.0 42.0 29.3 11.8
Tsk hand 22.3 21.9 24.4 19.8 22.0 27.1 19.4 22.4 2.6
Tsk forearm 29.9 30.3 31.2 26.9 29.2 33.7 25.2 29.5 2.8
Tsk upperarm 28.5 29.0 29.9 26.3 27.7 32.8 25.5 28.5 2.4
Tsk chest 27.1 31.2 32.3 28.8 29.4 34.3 27.9 30.1 2.6

Absolute Tsk lower back 31.2 27.3 33.6 25.7 29.7 34.2 31.5 30.4 3.1
or mean Tsk thigh 31.2 28.2 30.9 27.5 30.5 33.8 26.8 29.8 2.5

temperatures Tsk calf 29.3 28.6 30.5 24.0 29.0 32.9 24.7 28.4 3.1
at the point Tsk foot 21.5 21.6 24.4 20.0 21.8 28.2 19.9 22.5 2.9
of loss of Tsk Forehead 20.8 21.1 24.4 20.5 22.8 28.0 20.0 22.5 2.9
Comfort Ťsk trunk 29.7 28.9 31.9 27.2 29.6 33.9 28.3 29.9 2.3

Ťsk distal limbs 26.6 26.4 28.3 23.1 26.3 31.1 22.9 26.4 2.9
(°C) Ťsk 28.1 27.5 30.3 25.4 28.1 32.6 26.0 28.3 2.5

Ťb 34.5 34.0 35.2 33.3 34.2 35.7 33.5 34.3 0.9
Tre 37.7 37.2 37.7 37.3 37.2 37.2 37.2 37.3 0.2
∆Tsk hand -12.2 -12.6 -10.1 -14.6 -12.6 -7.2 -14.8 -12.0 2.6
∆Tsk forearm -5.7 -4.7 -4.2 -7.7 -6.1 -1.7 -10.0 -5.7 2.7

Change of temp. ∆Tsk upperarm -6.8 -5.7 -5.0 -8.2 -7.1 -2.4 -9.4 -6.3 2.3
from t=10 mins ∆Tsk chest -8.4 -3.9 -0.8 -6.4 -5.8 -1.4 -7.5 -4.8 3.0
(water starts ∆Tsk lower back -4.6 -7.6 -2.0 -9.3 -5.6 -1.4 -4.1 -4.9 2.9

cooling) ∆Tsk thigh -4.2 -6.5 -2.9 -6.9 -4.8 -1.2 -8.5 -5.0 2.5
to the point ∆Tsk calf -5.8 -6.2 -4.3 -10.3 -5.8 -1.7 -9.7 -6.3 3.0
of loss of ∆Tsk foot -13.2 -12.8 -10.2 -14.3 -12.8 -6.3 -14.6 -12.0 2.9
comfort ∆Tsk forehead -13.7 -13.4 -10.1 -13.9 -11.9 -6.5 -14.3 -11.9 2.8

∆Ťsk trunk -5.8 -5.9 -2.2 -7.6 -5.6 -1.4 -7.0 -5.1 2.3
(°C) ∆Ťsk distal limbs -8.4 -8.3 -6.4 -11.3 -8.4 -3.5 -11.6 -8.3 2.8

∆Ťsk -7.2 -7.2 -4.1 -9.2 -6.9 -2.5 -9.0 -6.6 2.5
∆Ťb -2.1 -2.3 -1.4 -2.9 -2.2 -0.8 -2.8 -2.1 0.8
∆Tre 0.4 0.1 -0.1 0.1 0.2 0.0 0.2 0.1 0.2

Rate of r∆Tsk hand -0.6 -0.6 -0.8 0.0 -0.5 -1.4 0.0 -0.5 0.5
change of temp. r∆Tsk forearm -0.4 -0.3 -0.5 0.0 -0.4 -0.4 -0.5 -0.4 0.2

at the point r∆Tsk upperarm -0.4 -0.4 -0.7 -0.1 -0.3 -0.5 -0.2 -0.4 0.2
of loss of comfort r∆Tsk chest -0.4 -0.4 -0.1 -0.1 -0.2 -0.4 0.0 -0.2 0.2

r∆Tsk lower back -0.4 -0.5 -0.3 -0.1 -0.3 -0.4 -0.1 -0.3 0.2
r∆Tsk thigh -0.3 -0.5 -0.5 -0.1 -0.3 -0.4 -0.1 -0.3 0.2

or r∆Tsk calf -0.4 -0.4 -0.4 0.0 -0.3 -0.4 -0.1 -0.3 0.2
from t=10 mins r∆Tsk foot -0.5 -0.4 -0.7 0.0 -0.5 -1.0 0.0 -0.4 0.3
(water starts r∆Tsk forehead -0.4 -0.6 -0.8 0.0 -0.5 -0.6 0.0 -0.4 0.3

cooling) r∆Ťsk trunk -0.4 -0.5 -0.4 -0.1 -0.3 -0.4 -0.1 -0.3 0.2
to the point r∆Ťsk distal limbs -0.5 -0.4 -0.6 0.0 -0.4 -0.7 -0.1 -0.4 0.2
of loss of r∆Ťsk -0.4 -0.4 -0.5 0.0 -0.3 -0.5 -0.1 -0.3 0.2
comfort r∆Tre 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
(°C/min) r∆Ťb -0.1 -0.1 -0.2 0.0 -0.1 -0.2 0.0 -0.1 0.1

Study Two - Exercise - Long wetsuitData sets when volunteers

reported being "Uncomfortable"
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S1 S2 S3 S4 S5 S6 S7 S8 mean SD

m2 SA 1.6 1.9 2.0 1.7 1.9 1.8 1.8 2.1 1.8 0.2
kg Body mass 53.9 74.8 80.8 57.5 68.3 64.6 66.8 84.0 68.8 10.6
cm Body height 166.4 174.0 183.0 178.5 179.5 178.0 176.5 183.5 177.4 5.4
mm Sum 4 Skin folds 24.9 36.5 43.8 19.8 29.0 17.7 22.7 38.1 29.1 9.5

(°C) Water temp 19.6 25.2 24.8 22.2 26.8 19.5 26.7 20.1 23.1 3.2

(min) Time 45.0 19.0 19.5 24.0 17.0 30.0 17.5 63.0 29.4 16.5
Tsk hand 25.2 32.7 32.1 30.0 33.0 28.5 33.6 24.9 30.0 3.5
Tsk forearm 26.5 32.7 32.4 30.9 32.6 28.6 33.5 26.0 30.4 3.0
Tsk upperarm 25.2 31.7 31.8 30.3 32.2 25.1 32.6 25.6 29.3 3.4
Tsk chest 27.7 32.0 31.0 31.0 32.9 29.1 33.2 26.5 30.4 2.4

Absolute Tsk lower back 26.6 32.9 32.7 29.7 33.0 28.1 32.9 28.3 30.5 2.6
or mean Tsk thigh 28.2 32.9 31.8 30.3 32.4 30.2 33.2 25.8 30.6 2.6

temperatures Tsk calf 24.4 30.9 31.4 29.1 32.7 26.5 31.7 23.9 28.8 3.5
at the point Tsk foot 23.9 30.8 31.1 28.6 30.8 26.8 32.2 22.7 28.3 3.6
of loss of Tsk Forehead 20.1 23.8 25.8 21.9 27.3 20.1 26.9 20.6 23.3 3.1
Comfort Ťsk trunk 27.2 32.5 31.8 30.3 32.7 28.7 33.0 26.7 30.4 2.5

Ťsk distal limbs 24.9 31.6 31.7 29.5 32.3 27.3 32.5 24.2 29.2 3.4
(°C) Ťsk 26.0 31.6 31.3 29.5 32.2 27.6 32.4 25.5 29.5 2.8

Ťb 33.9 35.5 35.6 34.5 35.7 34.2 36.0 33.6 34.9 0.9
Tre 37.8 37.5 37.7 37.1 37.4 37.5 37.8 37.6 37.5 0.2
∆Tsk hand -9.9 -2.3 -3.2 -4.6 -1.1 -6.5 -1.6 -10.3 -4.9 3.6
∆Tsk forearm -8.8 -2.6 -3.0 -4.1 -2.1 -6.5 -1.8 -9.5 -4.8 3.1

Change of temp. ∆Tsk upperarm -9.7 -3.1 -3.0 -4.4 -2.2 -9.7 -2.4 -9.6 -5.5 3.5
from t=10 mins ∆Tsk chest -7.4 -3.1 -2.9 -4.1 -2.0 -5.5 -2.2 -8.6 -4.4 2.5
(water starts ∆Tsk lower back -8.8 -2.6 -2.4 -5.2 -1.9 -7.2 -2.3 -7.1 -4.7 2.7

cooling) ∆Tsk thigh -6.7 -2.0 -2.1 -4.4 -2.1 -5.4 -1.8 -9.3 -4.2 2.7
to the point ∆Tsk calf -9.7 -3.2 -3.4 -5.3 -2.1 -7.9 -2.4 -10.7 -5.6 3.4
of loss of ∆Tsk foot -8.6 -1.7 -2.4 -3.7 -0.8 -4.8 -2.2 -12.7 -4.6 4.1
comfort ∆Tsk forehead -14.3 -10.6 -8.8 -12.6 -7.0 -14.4 -7.5 -13.7 -11.1 3.1

∆Ťsk trunk -7.8 -2.6 -2.5 -4.5 -2.0 -6.4 -2.1 -8.5 -4.6 2.7
(°C) ∆Ťsk distal limbs -9.3 -2.6 -3.0 -4.5 -1.6 -6.7 -2.1 -10.8 -5.1 3.5

∆Ťsk -8.7 -3.1 -3.1 -5.1 -2.3 -7.1 -2.5 -9.6 -5.2 2.9
∆Ťb -2.7 -0.9 -1.0 -1.5 -0.8 -2.3 -0.8 -3.2 -1.7 1.0
∆Tre 0.3 0.2 0.1 0.3 -0.1 0.0 0.0 -0.1 0.1 0.1

Rate of r∆Tsk hand -0.2 -0.4 -0.5 -0.4 -0.3 -0.3 -0.4 -0.1 -0.3 0.2
change of temp. r∆Tsk forearm -0.1 -0.4 -0.4 -0.4 -0.4 -0.3 -0.4 0.0 -0.3 0.2

at the point r∆Tsk upperarm 0.0 -0.6 -0.5 -0.4 -0.5 -0.5 -0.4 0.0 -0.4 0.2
of loss of comfort r∆Tsk chest -0.2 -0.6 -0.1 -0.4 -0.3 -0.3 -0.4 0.2 -0.3 0.2

r∆Tsk lower back -0.2 -0.5 -0.4 -0.4 -0.3 -0.4 -0.4 0.0 -0.3 0.2
r∆Tsk thigh -0.1 -0.4 -0.4 -0.4 -0.4 -0.2 -0.4 -0.1 -0.3 0.2

or r∆Tsk calf -0.1 -0.5 -0.5 -0.4 -0.4 -0.3 -0.5 0.0 -0.3 0.2
from t=10 mins r∆Tsk foot -0.2 -0.4 -0.4 -0.4 -0.3 -0.4 -0.5 -0.1 -0.3 0.1
(water starts r∆Tsk forehead 0.0 -0.6 -0.7 -0.4 -0.8 0.0 -0.8 0.0 -0.4 0.4

cooling) r∆Ťsk trunk -0.1 -0.5 -0.3 -0.4 -0.4 -0.3 -0.4 0.0 -0.3 0.2
to the point r∆Ťsk distal limbs -0.1 -0.4 -0.4 -0.4 -0.4 -0.3 -0.4 -0.1 -0.3 0.2
of loss of r∆Ťsk -0.1 -0.5 -0.4 -0.4 -0.4 -0.3 -0.5 0.0 -0.3 0.2
comfort r∆Tre 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
(°C/min) r∆Ťb 0.0 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 0.0 -0.1 0.1

Study Two - Exercise - Long wetsuit + gloves + bootsData sets when volunteers

reported being "Uncomfortable"
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S1 S2 S3 S4 S5 S6 S7 S8 mean SD

m2 SA 1.9 2.0 1.7 1.8 1.8 1.9 0.1
kg Body mass 74.8 80.8 57.5 64.6 66.8 68.9 9.1
cm Body height 174.0 183.0 178.5 178.0 176.5 178.0 3.3
mm Sum 4 Skin folds 36.5 43.8 19.8 17.7 22.7 28.1 11.4

(°C) Water temp 20.6 19.5 22.5 19.7 27.9 22.0 3.5

(min) Time 27.0 31.0 23.0 38.0 16.0 27.0 8.3
Tsk hand 30.1 27.7 31.1 28.7 33.0 30.1 2.1
Tsk forearm 30.0 28.5 31.1 28.3 33.1 30.2 2.0
Tsk upperarm 28.8 26.9 31.0 25.5 32.1 28.9 2.8
Tsk chest 29.3 27.8 32.3 30.2 33.2 30.6 2.2

Absolute Tsk lower back 28.7 31.8 31.7 28.3 32.7 30.6 2.0
or mean Tsk thigh 28.9 28.0 31.1 29.5 32.2 29.9 1.7

temperatures Tsk calf 28.0 26.8 29.7 27.1 31.8 28.7 2.1
at the point Tsk foot 28.0 26.5 29.6 26.8 32.2 28.6 2.4
of loss of Tsk Forehead 31.5 33.0 33.4 32.6 29.2 31.9 1.7
Comfort Ťsk trunk 29.0 28.9 31.6 28.9 32.6 30.2 1.8

Ťsk distal limbs 28.7 27.2 30.2 27.5 32.3 29.2 2.1
(°C) Ťsk 29.1 28.6 31.3 28.7 32.3 30.0 1.7

Ťb 34.7 34.5 35.1 34.5 35.9 34.9 0.6
Tre 37.5 37.4 37.0 37.4 37.7 37.4 0.3
∆Tsk hand -5.1 -7.9 -4.1 -7.2 -2.7 -5.4 2.2
∆Tsk forearm -5.4 -6.8 -4.2 -7.9 -2.7 -5.4 2.1

Change of temp. ∆Tsk upperarm -6.1 -7.7 -4.1 -9.7 -3.3 -6.2 2.6
from t=10 mins ∆Tsk chest -5.5 -7.3 -2.4 -5.5 -2.5 -4.6 2.1
(water starts ∆Tsk lower back -6.5 -3.8 -3.6 -7.3 -2.9 -4.8 2.0

cooling) ∆Tsk thigh -5.9 -6.3 -4.1 -6.5 -3.1 -5.2 1.5
to the point ∆Tsk calf -6.7 -8.0 -4.9 -7.5 -3.0 -6.0 2.0
of loss of ∆Tsk foot -5.5 -7.9 -3.4 -8.0 -2.9 -5.5 2.4
comfort ∆Tsk forehead -4.3 -3.2 -2.5 -3.8 -6.1 -4.0 1.4

∆Ťsk trunk -6.0 -6.0 -3.4 -6.8 -2.9 -5.0 1.7
(°C) ∆Ťsk distal limbs -5.9 -7.7 -4.3 -7.6 -2.8 -5.7 2.1

∆Ťsk -5.8 -6.3 -3.6 -6.8 -3.1 -5.1 1.7
∆Ťb -1.8 -2.2 -1.1 -2.3 -1.0 -1.7 0.6
∆Tre 0.1 -0.2 0.2 0.0 0.1 0.0 0.2

Rate of r∆Tsk hand -0.4 -0.3 -0.5 -0.3 -0.4 -0.4 0.1
change of temp. r∆Tsk forearm -0.3 -0.2 -0.4 -0.2 -0.4 -0.3 0.1

at the point r∆Tsk upperarm -0.4 -0.3 -0.5 -0.2 -0.5 -0.3 0.1
of loss of comfort r∆Tsk chest -0.2 0.1 -0.3 -0.2 -0.5 -0.2 0.2

r∆Tsk lower back -0.3 -0.2 -0.3 0.0 -0.5 -0.3 0.2
r∆Tsk thigh -0.4 -0.3 -0.4 -0.1 -0.4 -0.3 0.1

or r∆Tsk calf -0.4 -0.3 -0.4 -0.2 -0.4 -0.3 0.1
from t=10 mins r∆Tsk foot -0.4 -0.4 -0.5 -0.3 -0.4 -0.4 0.1
(water starts r∆Tsk forehead -0.3 -0.1 -0.3 0.0 -0.4 -0.2 0.2

cooling) r∆Ťsk trunk -0.3 -0.2 -0.3 -0.1 -0.4 -0.3 0.1
to the point r∆Ťsk distal limbs -0.4 -0.3 -0.4 -0.2 -0.4 -0.3 0.1
of loss of r∆Ťsk -0.3 -0.2 -0.4 -0.1 -0.4 -0.3 0.1
comfort r∆Tre 0.0 0.0 0.0 0.0 0.0 0.0 0.0
(°C/min) r∆Ťb -0.1 -0.1 -0.1 0.0 -0.1 -0.1 0.0

Data sets when volunteers

reported being "Uncomfortable"

Study Two - Exercise - Long wetsuit + gloves + boots + hood


