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Thesis Abstract 

 

Exposure to extreme thermal environmental conditions for people engaging in outdoor 

sports and physical activity is projected to increase as global conditions worsen in the face of 

climate change. The broad objective of this thesis was to quantify both the personal and 

thermal environment to enhance biophysical modelling and reduce the risk of heat illnesses. 

Chapter III assessed the agreement in heat stress between nearby Bureau of Meteorology 

(BoM) stations and the playing surface of Cricket stadiums across Australia. The findings 

suggest that on-site monitoring reduces the frequency of misclassifying the heat stress risk, 

particularly at Major sporting venues where the inaccurate assessment of heat stress risk with 

BoM data is more frequent. Chapter IV examined the association between the evaporative 

requirement for heat balance (Ereq) and whole-body sweat rate (WBSR) in an outdoor 

environment; where our ability to calculate Ereq is challenged predominantly by the need to 

estimate key variables for calculating Ereq, without access to standard laboratory procedures 

and equipment. We observed a weaker association between Ereq and WBSR than previously 

seen indoors, with further evidence suggesting that the highest source of error in our 

calculation of Ereq outdoors, comes from uncertainties when estimating metabolic rate. 

Finally, chapter V compares the accuracy of available prediction equations for mean skin 

temperature (Tsk) during physical activity with measured Tsk data and develops a novel Tsk 

prediction equation that is suitable for use in high airflow environments (< 4.0 m·s-1), with 

high metabolic rates. Together, the findings from this thesis help to enhance extreme heat 

stress risk assessment by confirming the importance of on-site monitoring of thermal 

environmental conditions and through enhanced biophysical modelling during high-intensity 

physical activity in high airflow environments. 
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CHAPTER I 

 

Introduction 
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1.0 Introduction 

The management of heat stress risk in sports is a challenge being brought to the front of 

mind for sporting participants, officials and organisations due to the increasing prevalence, 

duration, and intensity of extreme heat stress conditions across the globe due to climate 

change (Coris, Ramirez & Van Durme, 2004; Armstrong et al., 2007; Barros et al., 2012; 

Perkins-Kirkpatrick & Gibson, 2017). Climate projections indicate that mean and peak dry-

bulb temperatures will continue to increase throughout this century, particularly if 

greenhouse gas emissions are not meaningfully reduced as mean global temperatures exceed 

1.5 ºC above pre-industrial averages by the early 2030s (IPCC, 2023). Extreme heat is 

currently estimated to cost the Australian and global economies USD$6.2 billion (Zander et 

al., 2015) and USD$311 billion, respectively, due to productivity losses. These values are 

projected to increase as extreme climactic conditions worsen in the coming decades. People 

who engage in sports or physical activity, especially in an outdoor environment during times 

of extreme heat experience a higher likelihood of developing hyperthermia and associated 

exertional heat-related illness (Coris, Ramirez & Van Durme, 2004; Cooper Jr, Ferrara & 

Broglio, 2006; Kakamu et al., 2017) that can lead to reductions in physical performance at 

best and mortality at worst. 

In 2019, approximately 80% of men and women in Australia, across all ages, participated 

in some form of physical activity at least once per week (AusSport, 2020). As a popular 

outdoor summer sport, 627,693 registered players participated in cricket over the 2022/2023 

summer (Cricket Australia, 2023). Another defining characteristic of Australian life is the 

occurrence of extreme summer heat. Consequently, playing cricket is associated with high 

rates of physical activity induced, heat-related hospitalisations across Australia, which 

accounts for 10% of all sports-related heat-illness cases (Driscoll, Cripps & Brotherhood, 

2008). As these data capture hospitalisations only, it is probable that many less severe 
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instances of heat illness occur but are not captured by healthcare statistics both due to the 

difficulties in categorising heat illnesses in our healthcare system (Garcia et al., 2022) and 

less serious cases being treated at home or on the sidelines, thus going under- and unreported. 

The relatively high rates of heat-related hospitalisations observed with cricket are likely due 

to the long match times (2-6 hrs), regular intense bouts of running, and the requirement to 

wear insulating, protective clothing and equipment which increase metabolic heat production 

and impair heat loss. 

Extreme heat stress risk management in sports requires an understanding of the human 

response to their environment (Chalmers, Anderson & Jay, 2020). That is, where the relevant 

environmental conditions must be assessed appropriately (dry-bulb temperature and its 

associated relative humidity, wind velocity, and mean radiant temperature), and we must 

understand the personal factors that also govern the overall heat stress risk (metabolic heat 

production, body morphology [e.g., body surface area, height, weight], and clothing) 

(Parsons, 2014). Extreme heat policies aim to ensure player safety and are considered an 

essential component of the sports industry (Larsen et al., 2007; Nichols, 2014; Chalmers & 

Jay, 2018). Many extreme heat policies across Australian sports rely on climate data from 

nearby Bureau of Meteorology (BoM) weather sites (Australian Football League, 2013; 

Cricket Australia, 2020; Cycling Australia, 2021; Jay, Broderick & Smallcombe, 2021; Lawn 

Tennis Association, 2022). These BoM sites are generally accepted as the most accessible 

method to assess most of the relevant thermal environment data to inform whether play is 

continued or suspended, and at which point cooling interventions such as extended breaks or 

active cooling methods are recommended. However, the data reported by these organisations 

(e.g. BoM) may not be representative of the conditions at the sporting venue (Cheuvront et 

al., 2015; Pryor et al., 2017; Chalmers et al., 2020; Guyer et al., 2021). Variability between 

the thermal environments of nearby BoM stations and sporting venues may result from the 
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complex interactions between the unique topographical, geographical, and built/natural 

environments surrounding each BoM station and sporting venue. Differences in the 

surrounding natural and built environment (e.g., rivers, lakes, parks, grandstands, and 

building/building density) between sites could lead to local microenvironments in which the 

thermal environment can vary considerably (Grundstein & Cooper, 2020; Liu & Jim, 2021). 

For example, in a large cricket venue with built-up seating areas, the overall level of heat 

stress experienced could be higher than outside the stadium or at a nearby BoM site, due to 

lower natural ventilation and increased reflected radiation from the artificial grandstands. 

Consequently, it is of utmost importance that sports stadia are assessed and characterised on 

an individual basis, to ensure an accurate quantification of the thermal environment to reduce 

the risk of exertional heat illness in sports and allow for sport to be played safely, without 

prematurely cancelling matches.  

To assess extreme heat stress risk, we must also be able to accurately characterize the 

expected level of heat stress via understanding the personal factors that affect heat production 

and heat exchange between the human and their environment. During physical activity such 

as cycling and running humans secrete sweat to lose heat to the environment by the 

evaporation of latent heat in sweat, to limit rises in body core temperature and maintain a 

steady-state thermal condition (Parsons, 2014; Ravanelli, Imbeault & Jay, 2020). If this 

secreted sweat is not sufficiently replaced with fluids (particularly during extended exercise 

bouts in warm environments) larger increases in body core temperature (Tc), thermal and 

cardiovascular strain and exertional heat illnesses can ensue. In outdoor sports such as 

professional and recreational cycling, the racing season is typically in the summertime. An 

extreme example is the Tour de France, where riders are often required to compete day after 

day, in stages that last typically ~3-4 hours, where dry-bulb temperatures are commonly over 

30 ºC with high solar loads (Mustapha, 2022). It has been suggested that holding the Tour de 
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France in July may be untenable soon due to climate change (Orr, 2022). However, an 

accurate assessment of the expected level of heat stress for a given situation (e.g., running, 

cycling) through appropriate biophysical modelling may allow sport to continue for longer, 

without the need for arbitrary, non-sport-specific dry-bulb and/or wet-bulb globe temperature 

(WBGT) cut-offs that are adopted within sporting organisations.  

Since the 1930’s, scientists have been aware of a relationship between the evaporative 

requirement for heat balance (Ereq) and whole-body sweat rate (WBSR) (Nielsen, 1938). 

Based on heat balance theory where the human body aims to maintain homeostasis at all 

times (i.e., not actively cooling itself, but responding to the requirement to maintain heat 

balance), Ereq is the theoretical requirement for evaporative heat loss at rest or during steady-

state physical activity for a given metabolic heat production and morphological 

characteristics (mainly body surface area) in a given or variable set of thermal environmental 

conditions (Parsons, 2014). Contemporary research has confirmed that Ereq describes ~95% 

of the variability in WBSR in perfect laboratory conditions (Gagnon, Jay & Kenny, 2013) 

and in a more realistic laboratory setting, the authors observed that Ereq explained ~78% of 

the variability in WBSR (Hospers et al., 2020). During steady-state endurance exercise 

outside perfect laboratory conditions, where sweating efficiency (Seff) is not significantly 

reduced, Ereq could potentially be utilised in a biophysical model nested within extreme heat 

policies to help determine the level of expected heat stress and associated hydration 

requirements for athletes competing in temperate-hot environments.  

The following challenge is then how to translate the Ereq model from perfect laboratory 

conditions to an outdoor environment. Compared to ideal laboratory conditions which permit 

free and rapid evaporation of sweat (low levels of clothing, low ambient humidity, high dry-

bulb temperature and high air velocity), in an outdoor free-living environment, there is 

increased uncertainty regarding the influence of wind in terms of both its varying speed and 
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varying skin surface coverage during outdoor activities, metabolic rate, challenges to Seff, and 

increased measurement uncertainty due to less accurate equipment and the potential need to 

rely on prediction equations for key variables such as skin temperature, metabolic rate where 

mobile measures are may be unavailable or impractical. The main challenge to the 

association between Ereq and WBSR in an outdoor environment will be reducing the impact 

of reduced Seff due to clothing (Havenith et al., 2008; Havenith et al., 2013) and conditions 

where the maximum evaporative capacity of the environment (Emax) is low (Cramer & Jay, 

2019). Emax can be reduced by both personal and environmental factors such as low airflow, 

high levels of clothing, high ambient vapour pressures and through the modification to 

maximum skin wettedness (ωmax), training/acclimation/acclimatisation status (see Eq. 24) 

(Ravanelli, 2018). Therefore, evaluating the Ereq model outdoors may be most suitable and 

initially relevant to sports and environmental conditions where there are limited impacts to 

Seff such as road cycling (Parsons, 2014). 

Calculating Ereq requires various measures of human heat production and dry heat 

exchange with the surrounding environment, which is moderated by clothing (Parsons, 2014). 

One of these key measures is mean skin temperature, which, together with dry-bulb 

temperature and mean radiant temperature governs heat exchange between the skin and the 

air. Existing regression-based mean skin temperature prediction equations have been 

developed for various occupational and exercise settings, which have been codified for 

widespread use in the ISO standard 7933 (Mehnert et al., 2000; ISO, 7933, 2004), and one 

study has developed an empirical prediction equation to calculate mean skin temperature 

during outdoor stationary cycling (Vanos et al., 2012). However, none of these equations 

have been developed for use at > 4.0 m·s-1 air velocities, potentially limiting their utility 

when estimating mean skin temperature in high airflow environments such as recreational 

and professional road cycling.  
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1.1 Objectives and Hypotheses 

Experimental Chapter 3 focusses on understanding the external environmental factors that 

contribute to heat stress risk (dry-bulb temperature, humidity, mean radiant temperature and 

wind speed). Chapters 4 and 5 deals with the individual, personal factors that influence 

extreme heat stress risk (i.e., the ability to dissipate heat through sweat and dry heat transfer 

in outdoor environments). 

Objective one: To assess the agreement between nearby meteorological (BoM) station 

data and environmental conditions measured at the site of play using the Cricket Australia 

(CA) Heat Stress Risk Index (HSRI) at cricket venues across Australia.  

Hypothesis one: On-site extreme heat stress risk will be higher within sporting stadia due 

to likely lower ambient air velocities on-site versus reported by the BoM sites and the 

reduction in wind speed at venues will be exacerbated at larger venues due to the local built 

environment. 

Objective two: (1) To assess the relation between Ereq and WBSR during outdoor cycling 

and (2) to determine the optimal methods for calculating Ereq using different methods for 

estimating metabolic energy expenditure, the convective heat transfer coefficient, and mean 

skin temperature. 

Hypothesis two: Ereq will remain a strong predictor of WBSR in an outdoor environment, 

however, the strength of the relation would be lower than previously reported indoors due to 

uncontrolled environmental conditions, increased measurement uncertainty with field 

equipment (e.g., power meters) and the reliance on predictive equations for key variables 

such as metabolic rate and mean skin temperature. 

Objective three: (1) To evaluate current mean skin temperature prediction models against 

empirical data during outdoor cycling, (2) if available models are not appropriate, develop a 
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prediction equation for mean skin temperature for use in high airflow scenarios such as road 

cycling to allow for improved biophysical modelling.  

Hypothesis three: Current prediction equations may overestimate mean skin temperature, 

particularly at lower air temperatures given the high self-generated air velocities experienced 

while road cycling. 
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2.0 Extreme heat in the sporting context 

Participation in outdoor sports is a popular method across the globe for keeping 

active, healthy and engaged in society (Heinemann, 2005). Sport participation as a child (at 

age 10) is associated with increased physical activity later in life (at age 42) (Smith et al., 

2015). Participation in sports is associated with a myriad of potential benefits to mental and 

physical well-being across the lifespan including academic progression (Burns, Bai & 

Brusseau, 2020), body appreciation, life satisfaction (Riddervold, Haug & Kristensen, 2023), 

long-term mental health outcomes (Easterlin et al., 2019), self-efficacy and self-esteem 

(Ouyang et al., 2020), social competence (Bedard, Hanna & Cairney, 2020) and happiness as 

we age (Kim et al., 2021). Across Australia, between 2020-21 over 18.8 million adults (89% 

of the adult population) participated in outdoor sport and physical activities across the year 

(AusSport, 2020). Four out of the top five most popular physical activities (walking [1st], 

running [3rd], swimming [4th], cycling [5th]) and three of the top five team sports (soccer [1st], 

Australian Rules Football (AFL) [3rd], and cricket [5th]) are typically conducted in an outdoor 

environment. In the United States of America, outdoor recreation participation increased 

from 50% of the adult population (~143 million) in 2011 to 54% (~167 million) in 2022 

(Outdoor Foundation, 2022).  

With the likelihood of extreme heat exposure increasing in the coming decades due to 

anthropogenic climate change (Meehl & Tebaldi, 2004; Perkins, Alexander & Nairn, 2012; 

Brown, 2020), it will be increasingly important for governments and sporting organisations 

around the world to facilitate continued participation in outdoor sports and physical activities 

to maintain the health and well-being of their people. Currently, physical inactivity rates are 

increasing (Wang et al., 2020) as are rates of physiological and psychological morbidity 

(Cunningham et al., 2020). Many cases of morbidity and mortality are encouragingly, 

preventable and treatable with adequate physical activity and diet modifications (Rodríguez-
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Monforte, Sánchez & Barrio, 2017; Rico-Campà et al., 2019; Schnabel et al., 2019; Lane et 

al., 2024). Therefore, appropriate extreme heat policies that enable continued and safe access 

to outdoor sports in the face of more extreme weather conditions, without limiting playing 

opportunities and exposing athletes to unnecessarily extreme playing conditions will 

contribute to facilitating a healthier population and reducing unnecessary disruptions to elite 

sports. 

Sports administrators and sports medicine personnel take an interest in heat stress risk 

because of the increased risk of heat casualties when sport occurs in warm and/or humid 

environmental conditions (Armstrong et al., 2007). Both professional and community sports, 

particularly in already warm parts of the globe will become increasingly at risk unless 

appropriate, evidence-based heat policies that include appropriate recommendations for the 

modification to play (such as extended half-time breaks and additional breaks in play to apply 

cooling strategies (Bongers et al., 2015; Chalmers, 2017; Lynch et al., 2018; Chalmers et al., 

2019)), the local environment (e.g., increased shade, airflow) and local environmental 

monitoring (Racinais et al., 2023) are implemented. From an organisational perspective, if a 

sporting or physical activity event is run when the risk of heat illness exceeds a safe 

threshold, undue risk is placed on the participants of that event. If such risk thresholds are too 

conservative, then events may be needlessly cancelled, leading to reductions in important 

physical activity opportunities (for community sports) as well as impacting the financial 

outcomes of professional sporting events. The risk thresholds for cancelling/postponing 

events must therefore be individualised appropriately based on the activity level, clothing of 

the participants and the environment in which the activity occurs.  

2.1 Risk and consequences of extreme heat stress  

Running a community or professional sporting event in thermally challenging 

environmental conditions can risk the health of athletes, spectators and officials. The health 
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consequences of exertional heat stress reside along a physiological continuum of severity, 

from mild-moderate-severe-fatal (Adams & Jardine, 2020). Exertional heat illnesses (EHIs) 

include exercise-associated muscle cramps, heat syncope, heat exhaustion, and exertional 

heat stroke (EHS). EHS is the most severe and is most likely to occur during uncompensable 

conditions. For EHS to be diagnosed, CNS dysfunction and severe hyperthermia must be 

present (body core temperature, Tc >40.5 ℃) (Casa et al., 2015; Cramer & Jay, 2016; Cottle 

et al., 2022) as some well trained (and likely acclimatised/acclimated) athletes can handle 

Tc >40.5 ºC without CNS dysfunction (Racinais et al., 2019). Uncompensable conditions are 

a set of thermal environmental conditions, metabolic rate and level of clothing (Ereq) which 

exceeds the maximum capacity of the environment for evaporation (Emax), which is marked 

by an uncontrolled, continual rise in body core temperature. Exertional heat stroke (EHS) is a 

life-threatening condition for professional athletes; however, with the correct EHPs and 

available medical treatment, it is preventable and treatable (Casa & Stearns, 2016). A body 

core temperature of ~40.5 ºC is a commonly used threshold for EHS, however, there have 

been cases documented where body core temperatures of up to 41.9 ºC have been well 

tolerated in highly trained (and likely acclimated/acclimatised) populations (Maron, Wagner 

& Horvath, 1977; Racinais et al., 2019; Stevens et al., 2020). It is important to note that an 

elevated core temperature above 40.5 ºC, particularly in an untrained individual, is requisite 

for EHS to be declared, however, it is not the only criteria used to determine the incidence of 

EHS (additional CNS symptoms must be present). It is clear, however, that thermal injuries 

occur above these temperatures as proteins unfold at temperatures beyond ~42 ºC (Burger & 

Fuhrman, 1964; Bynum et al., 1978). Cases of EHS can result in central nervous system 

dysfunction, organ damage, organ failure and morbidity (Costrini et al., 1979).  

The risks for an individual to experience an EHI are dependent on personal and 

external factors including recent history of upper respiratory tract illness (e.g., cold/flu), 
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organisational (e.g., access to water, breaks in work etc), the environmental conditions, and 

individual medication and drug use, and behavioural responses (Westwood et al., 2021). 

Some risk factors are modifiable by the individual, for example: acclimation/acclimatisation 

status (Kerr et al., 2019), recent (<2 years) prior EHS (Stearns et al., 2020), recent illness 

(Abriat et al., 2014; Stacey et al., 2015),  poor physical fitness (Armstrong & Pandolf, 1988; 

Gardner et al., 1996), dehydration (Bouchama & Knochel, 2002; Breslow et al., 2019), drugs 

(e.g., cocaine (Crandall, Vongpatanasin & Victor, 2002)), alcohol intake(Hobson & 

Maughan, 2010), and age (Breslow et al., 2021); and others such as activity-specific clothing 

and/or exercise demands (including exercise intensity and duration) (Montain et al., 1994; 

Armstrong et al., 2010), environmental conditions (e.g., dry-bulb temperature, relative 

humidity, mean radiant temperature and wind velocity) (Wallace et al., 2006; Grundstein, 

Hosokawa & Casa, 2018) are non-modifiable. However, some strategies are available to 

modify environmental conditions outdoors and indoors, for example, adding shade and/or 

increasing green spaces in outdoor areas to reduce mean radiant temperature (Kim et al., 

2023), and building design to ensure cross ventilation workspaces such as manufacturing 

facilities and warehouses. These strategies can be a useful tool, particularly in the 

occupational setting to reduce the severity of the surrounding thermal environment (Roy et 

al., 2022). Given the severe consequences of extreme body core temperatures and symptoms 

associated with exertional heat illnesses, it is imperative to develop our understanding of best 

practices for monitoring the thermal environment and the factors affecting human heat 

balance during outdoor exercise to reduce the chances of exertional heat stress cases. 

2.2 Human heat balance 

Human body core temperature typically rests in a range around ~37 ºC. However, 

normal resting body core temperature sits along a spectrum, and this variability is based on a 

variety of factors including individual variability, time of day (Waterhouse et al., 2005), heat 
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acclimation/acclimatisation status (Périard, Racinais & Sawka, 2015), and menopause status 

(Neff et al., 2016); pre-menopausal women may have a higher resting core temperature 

(~0.3-0.7 ºC) in the luteal phase compared to the follicular phase of the ovulatory menstrual 

cycle (Marshall, 1968) due to fluctuations in progesterone and oestrogen (Marsh & Jenkins, 

2002; Baker, Siboza & Fuller, 2020).  

Notwithstanding these small and normal variations in resting body temperature, it is 

critical to maintain body core temperature within a relatively narrow range to sustain health. 

According to heat balance theory, two personal and four environmental factors determine 

how much body core temperature can change at rest and during physical activity in any given 

environment (Parsons, 2014). The personal factors are metabolic heat production (Hprod), 

which is calculated with metabolic energy expenditure (M, W) and external work (Wk, W) 

(see Eq. 1). Metabolic energy expenditure is defined as the total amount of energy required to 

sustain metabolic processes, in addition to the energy requirement of any involuntary or 

voluntary locomotion. Metabolic heat production (Hprod, W) can be calculated from M and 

Wk the following equation: 

                 𝐻𝑝𝑟𝑜𝑑 = 𝑀 − 𝑊𝑘                             [W] [1]  

The second personal factor is clothing, which can be split into two factors of 

evaporative resistance of clothing (Re,cl, m2·kPa·W-1), and dry insulation (Icl, clo) (Parsons, 

2014) which permit or restrict certain amounts of evaporative heat loss and dry heat exchange 

depending on the extent of clothing coverage, material type and thickness of the material. 

The four environmental factors that affect human heat balance are dry-bulb temperature 

(Tdb, °C), ambient vapour pressure (Pa, kPa), mean radiant temperature (Tr, °C) and air 

velocity (ν, m·s-1). These factors can be combined to form the basis of the human heat 

balance equation below:  

                 𝑀 − 𝑊𝑘 = 𝐸 ± 𝑅 ± 𝐶 ± 𝐾 ± 𝑆                    [W] [2]  
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Where: E is evaporative heat loss, R is radiative heat exchange, C is convective heat 

exchange, K is conductive heat exchange, and S is heat storage or loss. 

During prolonged steady-state exercise (>30 mins) in compensable environmental 

conditions (Jay, Imbeault & Ravanelli, 2018; Ravanelli et al., 2019b), it can be assumed that 

the rate of heat storage approaches (S = 0). The conceptual heat balance equation [Eq. 2] can 

therefore be rearranged to solve for the evaporative requirement for heat balance (Ereq) and 

the resultant equation is given by: 

𝐸𝑟𝑒𝑞  =  𝐻𝑝𝑟𝑜𝑑  – (± 𝐶 ±  𝐾 ±  𝑅)– (± 𝐶𝑟𝑒𝑠  ±  𝐸𝑟𝑒𝑠)         [W] [3] 

Where: metabolic heat production (Hprod) is equal to M-Wk, which is given by 

subtracting external work (Wk) from metabolic energy expenditure (M), dry heat exchange 

(convection (C), conduction (K), and radiation (R)) from the skin surface and convective and 

evaporative heat exchange pathways via the respiratory tract (through convection [Cres] and 

evaporation [Eres]). 

2.2.1 Factors affecting metabolic heat production 

According to heat balance theory, two factors affect metabolic heat production (Hprod). 

The first is the rate of metabolic energy expenditure (M, W) as a result of all the metabolic 

processes associated with resting and active metabolism, and the second is external workload 

(Wk, W). 

2.2.2 Rate of metabolic energy expenditure 

The rate of metabolic energy expenditure in humans occurs predominantly through 

the oxidation of substrates (namely carbohydrates and fats) to synthesise adenosine 

triphosphate (ATP) in mitochondria. Laboratory approaches utilise indirect calorimetry (i.e., 

the ratio of V̇CO2:V̇O2 expired and absolute O2 consumption) for the estimation of metabolic 

rate (Cramer & Jay, 2019). At the onset of exercise or a change in intensity, there is a delay 

in oxygen consumption to reach a metabolic steady-state, which in the domain of oxygen 
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uptake kinetics is known as phase II, which reflects the system’s ability to transport oxygen 

to the working muscles, where increased physical fitness appears to reduce to the time to 

reach phase II (Poole & Jones, 2012). As exercise begins or intensity increases, any 

difference between required and consumed oxygen will present as a deficit, and energy needs 

to be sourced from other energy systems.  

There are three mechanisms of metabolism with different metabolic time courses (i.e., 

kinetics) to match the demands of physical activity from short (<30s) to prolonged durations 

such as for ultra-endurance events (>4 hours). The first is the rapid Phosphocreatine (PCr) 

system, also known as alactic oxygen debt which lasts for ~30 seconds of maximal effort. 

The second is the lactic oxygen debt, which is produced via glycolysis, which as an energy 

system, lasts much longer (~15 mins) (Gastin, 2001). Together, these first two components of 

metabolism have been described as an oxygen debt (OD) that needs to be repaid by increased 

oxygen consumption, which can occur during and/or post-exercise (Excess post-exercise 

oxygen consumption - EPOC) (Margaria, Edwards & Dill, 1933). During heavy constant load 

and intermittent high-intensity exercise, metabolic energy expenditure may be underestimated 

using solely oxygen consumption data, as additional energy contributions through glycolytic 

and/or PCr metabolism, which may go unaccounted for with standard indirect calorimetry 

(Scott, 2005) and further research must be conducted to account for the heat produced by 

additional glycolytic energy contributions to exercise.  

Currently, there is no accepted method to account for any additional metabolic heat 

produced through glycolysis. One method has been proposed to account for this glycolytic 

contribution to whole-body thermogenesis (di Prampero & Ferretti, 1999). This method 

suggests that for every 1 mmol/L of blood lactate above resting levels, there is an equivalent 

rise in energy expenditure of 3 mL of oxygen uptake per kilogram of body weight. Using the 

change in lactate concentration in the blood is a novel method for estimating the glycolytic 
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contribution to metabolic heat production however, it needs to be examined further, with 

reference to potential contributions to the V̇O2 slow component (Colosio et al., 2020). 

However, during prolonged exercise (>30 minutes), the relative contribution of anaerobic 

metabolism to the total metabolic rate is likely <2% for elites (Sandford & Stellingwerff, 

2019) and presumably lower for lower calibre athletes (as less capable athletes typically have 

a lower sustainable fractional utilisation of V̇O2max) (Maughan & Leiper, 1983), especially at 

intensities well below the second lactate turn point (LT2). Therefore, for prolonged 

endurance activities, it is unlikely that any significant underestimation of the total metabolic 

rate occurs as the total contribution of anaerobic metabolism is limited (<2%), particularly at 

sub-maximal workloads (see Fig. 1).   

 The V̇O2 slow component is 

described as an increase in oxygen 

consumption during constant load 

exercise due to loss of efficiency in 

locomotion, but possibly other factors 

such as increased oxidative processing of 

glycolytic ‘waste products’ (e.g., lactate 

shuttling) (Rabinowitz & Enerbäck, 

2020), which can also be described as a 

reduction in gross efficiency (ɳ). A 

reduced or lower ɳ means that there is 

increased oxygen cost associated with a 

given constant workload, as the metabolic 

cost for producing a given amount of power at intensities increases above the moderate-heavy 

zones (see Fig. 1). However, the root cause/s for that reduction in ɳ is still of a key area of 

Figure 1 Colosio, A (2019) VO2 slow component during 

constant load cycling. Retrieved from 

https://doi.org/10.1007/s00424-020-02437-7 Licensed under CC 

BY 4.0. 
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research. Some research suggests it is due to increases in blood lactate levels, increases in 

plasma epinephrine, increased ventilatory work, elevation of body core temperature, and 

increased recruitment of type IIb muscle fibres (Xu & Rhodes, 1999). However, taking recent 

findings together, it seems plausible that the increased oxygen consumption during intense 

and severe intensity constant load exercise may be a result of the increased oxygen cost 

potentially associated with replenishing PCr and glycolytic energy stores (via mainly lactate 

recycling through gluconeogenesis in the liver) within that exercise bout (Bergman et al., 

2000; Jeukendrup & Wallis, 2005; Brooks et al., 2022).  

The rate of metabolic energy expenditure during physical activity is determined by 

two components of metabolism, resting metabolic rate (RMR) and active metabolic rate 

(AMR). At rest, metabolic rate (RMR) is largely driven by skeletal muscle mass (Ravussin et 

al., 1986). During physical activity below the severe intensity domain (<100% V̇O2max) 

metabolic energy expenditure can be measured via indirect calorimetry, using oxygen uptake 

(V̇O2), and carbon dioxide (V̇CO2) data, however, this metabolic cart data gathered beyond 

75% V̇O2max must be treated with caution if the primary outcome variable is substrate 

utilisation, due to the increased error in V̇CO2 as intensity increases(Jeukendrup & Wallis, 

2005). The stoichiometric ratio of V̇CO2:V̇O2 measured from the mouth is known as the non-

protein respiratory exchange ratio (RER) as a surrogate for the interpretation of substrate 

utilization at the cellular level (e.g., respiratory quotient, RQ). 

Measuring metabolic rate inside the laboratory using gas analysis with traditional 

Douglas bags or the newer Cosmed style mask system are well-established processes. 

However, measuring metabolic outside the laboratory becomes problematic with variable 

environmental conditions potentially affecting readings, and high air flows across the 

measurement device (during outdoor cycling), which may introduce measurement error in 

RER and minute ventilation (VE) (Salier Eriksson, Rosdahl & Schantz, 2012). Some 
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companies have produced portable metabolic carts that measure metabolic variables 

traditionally monitored via laboratory indirect calorimetry (e.g., Cosmed K5, VO2 Master). 

However, the cost of these devices may be practically limiting for unfunded research projects 

and laboratories without access to a portable metabolic cart such as the Cosmed K5, which 

costs ~AUD$60,000. Other, more cost-effective devices have slowly hit the market (VO2 

Master, Vernon, British Columbia), however the validity of these newer devices from 

companies with less experience with metabolic measurement remains to be verified. For 

instance, the VO2 Master seems to underestimate oxygen consumption at absolute workloads 

below 200W and overestimate oxygen consumption above 200W, compared to a classic 

laboratory based Parvomedics system (Montoye, Vondrasek & Hancock, 2020). The test of 

the VO2 Master system was indeed in the laboratory, with no challenges to the environmental 

variability which can be quite important when measuring expired gases. Recent data suggests 

the more cost-effective portable metabolic unit (VO2 Master system) may significantly 

underestimate V̇O2, tidal volume and ventilation compared to the more robust Cosmed K5 

unit during track running in an outdoor environment (Toulouse et al., 2022). Nevertheless, 

these devices for portable metabolic rate do open the door for a potentially better estimate of 

true metabolic rate in a free-living outdoor environment than can be achieved with 

estimations from external workload data.  

To estimate metabolic rate consumption during physical activity, multiple methods 

have been explored by researchers both in and outside the laboratory. In the laboratory (or 

when gas analysis is available), metabolic rate is best derived from stoichiometric principles 

which use metabolic gas exchange analysis which accounts for the caloric equivalents of 

carbohydrates and fats and oxygen consumption, and ignores any protein/amino acid 

oxidation (see Eq. 4) (Cramer and Jay, 2019).  

M = V̇O2 ∙
{[(

𝑅𝐸𝑅−0.7

0.3
)∙21.13]+[(

1.0− 𝑅𝐸𝑅

0.3
)∙19.62]}

60
∙ 1,000                     [W] [4] 
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Where: V̇O2 is the rate of oxygen consumption (L·min-1), and RER the respiratory 

exchange ratio. 

Outside the laboratory (or without the availability of gas exchange data), through a 

series of experimental studies, the American College of Sport Medicine (ACSM) published 

regression equations that (for cycle ergometry) utilise external workload (Wk) and body mass 

(mb) to predict O2 consumption for a given external workload and body mass (Liguori et al., 

2022). This first potential method for estimating metabolic energy expenditure (Macsm): 

assumes rates of oxygen consumption calculated using Eq. 5 (Liguori et al., 2022) then 

converted to an estimated metabolic energy expenditure using Eq. 6 assuming a metabolic 

energy equivalent (MEE) of 20.7 for low-moderate intensity sessions (session rating of 

perceived exertion [RPE] <4) and 21.1 for high-intensity sessions (session RPE >4) (in 

kj·LO2
-1) (Peronnet & Massicotte, 1991): The rate of oxygen consumption is given by: 

V̇O2 = [
(10.8  Wk)

𝑚𝑏
] +  7                             [mL·kg-1·min-1] [5] 

Where: V̇O2 is the rate of oxygen consumption (mL·kg-1·min-1) estimated with Eq. 1, 

Wk is external workload and mb is total body mass (kg). Metabolic energy expenditure 

(Macsm) is then given by: 

𝑀𝑎𝑐𝑠𝑚 =  
(V̇O2  𝑚𝑏)∙ MEE ∙ 1000

60
                         [W] [6] 

Where: V̇O2 is the rate of oxygen consumption (mL·kg-1·min-1), mb is total body mass (kg) 

and MEE is the relevant metabolic energy equivalent given above (e.g., high: 21.1; low: 20.7, 

kj·LO2
-1).  

The second method (Mett) for estimating metabolic rate from external workload uses 

external workload and cycling cadence to estimate metabolic rate based on previous data 

(Ettema & Lorås, 2009). The regression equation to estimate metabolic rate from cycling 

power output and cadence is as follows: 

𝑀𝑒𝑡𝑡 = 39.7 + (28.4 ∙ 𝑓𝑝𝑒𝑑) + (3.73 ∙ Wk)                                  [W] [7] 
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Where: fped is cycling cadence (revolutions·min-1) and Wk is external workload (W). 

A potentially suitable third 

approach (Mge) is to assume a certain 

gross mechanical efficiency (ɳ) from 

previous data (Moseley et al., 2004). 

The authors explored the relationship 

between Wk and ɳ in 69 trained 

cyclists (V̇O2peak: 62.3 ± 7.0 

mL/kg/min) and stratified participants into 3 

groups of fitness levels (High: > 70 mL·kg-

1·min-1, Med: 60-70 mL·kg-1·min-1and Low: <60 mL·kg-1·min-1). The authors reported no 

differences in gross cycling efficiency across each of the fitness groups, indicating that 

V̇O2peak does not describe the variability in cycling efficiency. The data provided by the 

authors (see Fig. 2) allowed for the generation of an estimated second-order polynomial to 

estimate ɳ across a range of external workloads (~95-340 W, Eq. 8). The polynomial can be 

replicated with the following equation: 

ɳ =
−0.0001∙Wk2 + 0.0579∙Wk + 11.605 

100
          [%] [8] 

Where: Wk is mean power output (W) and ɳ is gross mechanical efficiency.  

Therefore, to estimate metabolic rate from external workload and an estimated gross 

mechanical efficiency (Mge) the following equation could be used:  

𝑀𝑔𝑒 =  
𝑊𝑘

ɳ
          [W] [9] 

Where: Wk is external workload (W) and ɳ is estimated mechanical efficiency.  

Figure 2. Moseley. L (2004). No differences in cycling efficiency between 

world-class and recreational cyclists. Retrieved from 

https://doi.org/10.1055/s-2004-815848. Licensed under CC BY 4.0. 
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2.2.3 Mechanical work 

Mechanical work (Wk) is a measure of power output or external workload and for 

cycling related applications it is usually measured in Watts. External work or ‘Wk’ is given 

by the formula:  

𝑊𝑘 = 𝑓 ×  𝑑 × 𝑓𝑝𝑒𝑑          [W] [10] 

Where: f is the force exerted through the pedals (Nm), d is the distance travelled by 

the pedals given by the crank length (meters, m) and fped is the cycling cadence 

(revolutions·min-1). For example, for a cyclist producing 2 newton meters (Nm) of force at 

the pedals, cycling on a bike with a crank length of 170 mm, at a cadence of 80 revolution per 

minute (rpm), we would expect a power output of 171 W. Distance (d) is calculated from the 

crank length (radius of the circle, r) and circumference (c) (distance the pedals will travel 

each revolution) by the following equation:  

𝑐 = 2𝜋𝑟               [m] [11] 

External work during cycling is commonly referred to as power output or simply 

‘power’. External work on bikes is typically measured using resonant string gauges or strain 

gauge(s) that are mostly located at the crank or the pedals, however other locations and 

methods are available (Bouillod et al., 2022). Measuring power for racing and training has 

become increasingly popular over the past two decades (Sparks et al., 2015). Typically, most 

power meters report an accuracy of ±1-2%, however, the veracity of these claims made by 

manufacturers is constantly under review by researchers around the globe (Lanferdini et al., 

2020; Rodríguez-Rielves et al., 2021; Bouillod et al., 2022).  

2.2.4 Mechanical (cycling) efficiency 

Mechanical efficiency can be defined in multiple ways. There are three main 

variations for defining mechanical efficiency: gross efficiency (ɳ), delta efficiency, and net 

efficiency (Ettema & Lorås, 2009). Gross efficiency is the ratio of work output to input and is 
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the most important variation to consider here as a higher ɳ for a given amount of Wk would 

result in a lower Hprod (see Eq. 1 and 12). Gross efficiency can be defined by the following 

equation: 

ɳ = 𝑊𝑘 ×  
100

𝑀
             [12] [%] 

Where: ɳ is gross mechanical efficiency, Wk is external workload, and M is the 

metabolic rate required to produce a given external workload. 

There has been much debate regarding the trainability of cycling efficiency across 

time, where methodological issues relating to different equipment (metabolic carts and 

ergometers) between tests and individual studies being underpowered to demonstrate 

statistical differences have dogged the research (Hopker et al., 2009). Potential mechanisms 

for longitudinal improvements in cycling efficiency due to training are suggested to be driven 

by muscle fibre type transformation (type IIB -> IIA -> I) changes to muscle fibre type 

shortening velocities (Horowitz, Sidossis & Coyle, 1994; Hopker et al., 2013). Current 

evidence suggests that ɳ is often different between individuals, is marginally trainable 

(Hopker et al., 2009), and tends to follow a similar trend across the power output range 

(Moseley et al., 2004) (see Fig. 3).  

The relationship between gross efficiency and absolute power output appears to be 

non-linear (see Fig. 2, f), owing to the lower relative contribution of resting metabolic rate to 

Figure 3 Ettema G & Lorås HW. (2009) Relationship between external power metabolic rate and gross efficiency during 

cycling. Retrieved from 10.1007/s00421-009-1008-7 CC BY 4.0. 
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total metabolic rate as metabolic rate increases, and the subsequent physiological and 

biomechanical inefficiencies that occur beyond maximal intensities as multifactorial fatigue 

ensues (Abbiss & Laursen, 2005). Cycling at a higher cadence for a given power output leads 

to a slightly increased metabolic rate (Ettema & Lorås, 2009). Around 91% of the variability 

in metabolic rate while cycling can be attributed to external workload, whereas about 10% is 

explained by cadence (Ettema & Lorås, 2009). A ~24% higher percentage of Type I to II 

muscle fibres (72±3% Type I vs. 48±2% Type I fibres n=14) was shown to increase external 

work capacity by ~9% (high 342±9 vs. normal 315±11 watts) within experienced cyclists. 

Individuals with a higher ratio of Type I to Type II muscle fibres may have a higher gross 

mechanical efficiency (Type I high: 21.9±0.3% vs. Type II normal: 20.4±0.3%; p < 0.001) 

for a given rate metabolic energy expenditure (Coyle et al., 1992). It has been suggested that 

cycling efficiency changes as a function of ability/training status (Coyle, 2005), however, this 

example has been thoroughly questioned due to potential methodological challenges 

associated with longitudinal cycling efficiency tests (e.g., different ergometers, and accuracy 

and reliability of efficiency tests) (Martin, Quod & Gore, 2005) and now we understand the 

potential impacts of systematic and long-term doping by the athlete in question (Lance 

Armstrong). More robust evidence suggests that cycling efficiency is not determined by one’s 

V̇O2max, where 69 male recreational to world-class cyclists were recruited to study their gross 

efficiency, the authors found no differences between the low (<60 mL·kg-1·min, n=26), 

Medium (60-70 mL·kg-1·min, n=27) and High (>70 mL·kg-1·min, n=16) groups (Moseley et 

al., 2004) across 50-300W of external workload (see Fig 2). Although Moseley and 

colleagues (2004) observed a tight spread between their participants with fitness levels, gross 

mechanical efficiency has been reported to be substantially higher in elite (24.4 ± 2%) and 

professional world tour men (25.6 ± 2.6%) (Sallet et al., 2006) than reported by the well-

trained cyclists from Moseley et al., (2004). This means that differences between the lowest 
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and highest mechanical efficiency for recreational and professional, elite cyclists at the same 

external workloads could be up to 6-7%. 

When estimating gross cycling efficiency across time, the potential for fatigue and 

reduced exercise efficiency should be considered. A recent study found that gross efficiency 

remains relatively stable from ~6 minutes onwards and presumably the rate at which steady-

state metabolic rate occurs largely depends on the individual’s V̇O2max, age, and oxidative 

enzyme inertia (Poole et al., 2005). Gross efficiency can decline as exercise progresses and 

fatigue sets in, ostensibly due to mitochondrial oxygen consumption increases (or a reduction 

in mitochondrial efficiency) (Hopker, O'Grady & Pageaux, 2017) and the V̇O2 slow 

component if exercise is conducted close to and/or above the second lactate turn point (LT2) 

(Poole et al., 1991; Lucía, Hoyos & Chicharro, 2000; Jones et al., 2011). For example, in 14 

well-trained cyclists, gross efficiency reduced slightly from the most efficient at ~6 minutes 

into constant load cycling (at ~60% of their power at V̇O2max) but remained relatively stable 

from 30-120 minutes of cycling (Hopker et al., 2017). Therefore, to estimate gross cycling 

efficiency and metabolic rate across submaximal steady-state exercise intensities we will 

assume relative metabolic steady-state across each trial for all individuals and have 

participants exercise have submaximal intensities to reduce fatigue.  

2.2.5 Factors governing heat exchange 

Heat moves along temperature gradients, from hot areas to cool areas, and this 

process is driven by temperature differences between objects/environments. This form of heat 

exchange is known as sensible or ‘dry’ heat exchange. Particularly relevant to humans in 

warm environments is another method of heat exchange, evaporative heat exchange. 

Evaporative heat exchange occurs through a phase change of an object from a liquid to a gas 

(for humans this is typically sweat or in some cases can be exogenous fluid/water), which is 

known as latent heat. Heat is exchanged between the body and the environment through all 
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these methods; however, latent heat loss is critical while exposed to high dry-bulb 

temperatures that exceed mean skin temperature (>~36 ºC, depending on the thermal 

environment, clothing and metabolic rate) (Parsons, 2003). This section covers the various 

avenues for both dry heat exchange and evaporative heat loss particularly during outdoor 

physical activity.   

2.2.5.1 Radiative heat exchange 

Radiative heat exchange (R) is the process of electromagnetic energy flux between 

the skin/body tissues and other objects that emit or absorb radiation nearby. In the context of 

outdoor sport, substantial amounts of radiative heat exchange can occur when in direct 

sunlight from solar radiation. Radiative heat exchange is expressed by the following 

equation:  

𝑅 = ℎ𝑟 ∙ (𝑇𝑠𝑘 − 𝑇𝑟)  [W·m-2] [12] 

Where: hr is the radiative heat transfer coefficient (in W·m-2·K) [see Eq. 14], Tsk is mean skin 

temperature and Tr is mean radiant temperature. Mean radiant temperature can be calculated 

from measures of Tg, Tdb and wind velocity (v) data using the following calculation when air 

velocity is ≥ 0.15 m·s-1 (Parsons, 2003):  

 𝑇𝑟 =  [(𝑇𝑔 + 273.15)4 +
(1.1  108  𝑣0.6)

ε  𝑑0.4 (𝑇𝑔 − 𝑇𝑑𝑏)]
0.25

− 273.15   [ºC] [13] 

Where ν is air velocity in m·s-1, ε is the emissivity of the black copper globe - assumed to be 

0.97 (Parsons, 2003), Tdb is dry-bulb temperature, Tg is black globe temperature, and d is the 

diameter of the black globe in meters (in this case - 0.15 m). Similar to convective heat 

exchange [see section 2.2.5.2], radiant heat exchange is driven primarily by temperature 

gradients between the body and the environment whereby heat energy moves from high to 

low temperature objects, which is augmented by a heat transfer coefficient, in this case, the 

radiant heat transfer coefficient (hr). The hr can be changed by increasing or reducing the 
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surface area of skin exposed to the environment (i.e., increasing or decreasing available skin 

surface area) or changing Tsk or/or Tr. The hr can be calculated as follows:  

ℎ𝑟 =  (4 ∙ ε ∙ σ ∙ 𝑓𝑒𝑓𝑓 ∙
273.15∙(𝑇𝑠𝑘+𝑇𝑟)

2
)

3
                   [W·m-2·K] [14] 

Where: ε is the emissivity of a clothed human (assumed to be 0.97), σ is the Stefan-

Boltzmann constant (5.67  10-8 W/m-2·K-4), feff is effective radiation area factor (assumed to 

be 0.73 for cycling), Tsk is mean skin temperature (ºC) and Tr is mean radiant temperature 

(ºC). 

2.2.5.2 Convective heat exchange  

Convective heat exchange occurs through liquids such as air and sometimes water 

(for the case of swimming) and the flow of heat energy is transferred across a temperature 

gradient from a higher to lower temperature (Parsons, 2014). Convection is an important 

factor that affects both convective and evaporative heat exchange in humans both in and 

outside the laboratory. For example, in temperate environments, convection is the 

predominant method of cooling, which results in lowered sweating requirements (see Fig 5). 

Convective heat exchange (C) is determined primarily via the skin-to-dry-bulb-temperature 

(Tsk-Tdb) and the convective heat transfer coefficient (hc). Both convective and radiative heat 

exchange can be summarised with the operative temperature (To) (see section 2.3.4) in an 

outdoor environment. Calculating dry heat exchange with To or separately as convective and 

radiative heat exchange must be utilised when there are significant additional sources of 

radiation present, given the likely significant effect of solar radiation (when present) 

influencing the thermal environment (see section 2.3.3) (Cramer & Jay, 2019). 

Convective heat exchange (C) can be expressed by the following equation:  

𝐶 =
(𝑇𝑠𝑘−𝑇𝑑𝑏)

(𝑅𝑐𝑙 + 
1

ℎ𝑐 ∙ 𝑓𝑐𝑙
)

∙  𝐴𝐷   [W] [15] 
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Where: hc is the convective heat transfer coefficient (W·m-2·˚C-1), fcl is clothing area 

factor, Rcl is the dry heat transfer resistance of clothing (m2·°C·W-1) which can be estimated 

from standard tables (McCullough, Jones & Huck, 1985), AD is body surface area, and Tsk is 

mean skin temperature (ºC) and Tdb is dry-bulb temperature (ºC) (Parsons, 2003). 

Importantly, when Tdb > Tsk then dry heat loss turns to dry heat gain and all metabolic heat 

including heat gained from the environment must be lost via evaporative mechanisms. 

The only potential physiological control mechanism humans possess to affect 

convective heat exchange directly is the modification of skin blood flow which occurs mainly 

via adjustments in blood vessel diameter (vasomotor control) and the rate of blood flow 

delivery to the skin through changes in cardiac output and small blood vessel diameter. Skin 

temperature can be reduced by the evaporation of sweat which can indirectly reduce (in an 

environment where Tsk < To) convective heat exchange through the reduction in Tsk, since the 

evaporation of sweat liberates heat. Skin blood flow is thought to augment heat loss via 

increases (vasodilation) or decreases (vasoconstriction) in skin temperature which modifies 

the skin-to-air temperature gradient. However, recent evidence suggests that even with 20% 

reductions in skin blood flow does not affect Tsk and subsequent dry heat exchange, whole 

body sweat rate, and core temperature at rest (Cramer et al., 2017). Because of the greater 

heat exchange which occurs during exercise, further research is needed to determine if such a 

large reduction in SkBF during exercise also does not reduce heat loss. Mean skin 

temperature is a component of Ereq and affects Ereq directly, through augmenting dry heat 

exchange, however, Tsk appears to describe no additional variability in WBSR outside of Ereq 

(Hospers et al., 2020; Guyer, 2021). Thus, small differences in the skin-to-air temperature 

gradient do affect heat exchange via the Ereq model, although a higher Tsk does not result in 

higher sweat rates for matched conditions. Indeed, for the same dry-bulb temperature in the 

shade, a higher Tsk would result in a larger skin-air-temperature gradient and theoretically 
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allow for a greater dry heat loss, thereby increasing Emax, reducing Ereq and associated sweat 

losses. 

The convective heat transfer coefficient (hc) is influenced predominantly by wind 

velocity, posture (seated vs. standing vs. cycling), barometric pressure and clothing, which 

has been studied extensively in the context of clothing and textile manufacturing for thermal 

comfort and physical work capacities at modest air speeds (0.2-4.0 ms-1) (Nishi & Gagge, 

1970; Holmér et al., 1999; Xu et al., 2021b, a). There has been very limited research on hc at 

outdoor cycling relevant airspeeds (>4.0 ms-1), with only one study assessing the hc with a 

thermal manikin up to 10 ms-1, which is the most relevant to typical speeds for recreational 

road cyclists (Oliveira et al., 2014). One research group has used computational fluid 

dynamics modelling to predict the hc of a cyclist in 3 riding positions: upright, aerodynamic 

and in the time-trial position, with the upright position being the most common for most 

cyclists (Defraeye et al., 2011). However, in contrast to the non-linear model put forward by 

Oliveira et al. (2014), Defraeye and colleagues (2011) suggest that the hc responds almost 

linearly as air velocity increases. Models of the convective heat transfer coefficient depict a 

non-linear coefficient at air velocities between 0-1 ms-1, which appears to turn linear at air 
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velocities >1 ms-1 (see Fig. 4)(Nishi & Gagge, 1970).

 

Figure 4 Nishi and Gagge (1970). Regional variation in the convective heat transfer for rest and free walking. Retrieved 

from https://doi.org/10.1152/jappl.1970.29.6.830 CC BY 4.0. 

For this thesis and to determine the most appropriate model of the convective heat 

transfer coefficient (hc) while cycling outdoors, we will assess multiple methods to estimate 

hc. The first method (hc1) was developed specifically for stationary cycle ergometry, which 

takes cycling cadence into account, albeit in an indoor environment with forced convection, 

hc1 (Lotens & Havenith, 1991). We will assess multiple models that have reported hc at both 

at (hc1) and below outdoor cycling relevant air speeds: hc2, hc3. The 2nd and 3rd methods for 

estimating hc (hc2, hc3) have been derived for use indoors with minimal clothing with low 

forced convection (Nishi & Gagge, 1970; Xu et al., 2021a) except for Lotens and Havenith, 

1991 (Lotens & Havenith, 1991) who describe the first method (hc1) which is theoretically 

appropriate for higher air velocities (> 2.5 m·s-1) commonly experienced by recreational and 

https://doi.org/10.1152/jappl.1970.29.6.830
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professional road cyclists (Clarry, Faghih Imani & Miller, 2019; VAN Erp et al., 2020). This 

empirically derived estimate of hc, is in relative agreement with computational fluid 

dynamics modelling in cycling (Defraeye et al., 2011) at higher air velocities, despite hc1 

only being validated for use with air velocities up to 4 m·s-1. More research is needed to 

confirm the convective heat transfer coefficient at relevant air speeds for recreational and 

professional cycling. Here we will evaluate the best available methods for estimating hc 

which are detailed below: 

ℎ𝑐1 =  8.3 · (0.07 +  0.0043 · 𝑓𝑝𝑒𝑑 + 𝑣𝑠𝑒𝑙𝑓)
0.86

      [W·m-2·˚C-1] [16] 

ℎ𝑐2 =  8.3 · (𝑣𝑠𝑒𝑙𝑓)
0.86

         [W·m-2·˚C-1] [17] 

ℎ𝑐3 =  5.5 + 1.96 · (𝑣𝑠𝑒𝑙𝑓)
0.86

         [W·m-2·˚C-1] [18] 

Where: vself is self-generated air velocity (i.e., average cycling velocity) in m·s-1, and 

mean skin temperature (Tsk, ºC). 

2.2.5.3 Evaporative heat exchange 

Evaporative heat loss is driven by the difference between the vapour pressure at the 

skin surface (Psk,sat), assumed to be saturated with sweat, and ambient water vapour pressure 

(Pa) [kPa] (Parsons, 2014). As the Psk,sat -Pa gradient reduces, the evaporative potential is 

reduced, and the risk for thermal and cardiovascular strain, particularly during exercise 

increases. The water vapour pressure gradient between the skin and the environment governs 

the rate of evaporation from the skin surface, which is modified by the evaporative heat 

transfer coefficient (he). Evaporative heat loss can be calculated as follows:  

E =  ℎ𝑒 ∙ (P𝑠𝑘_𝑠𝑎𝑡 − P𝑎)                 [W·m-2] [19] 

Where: E is the rate of evaporative heat loss, he is the evaporative heat transfer 

coefficient (W∙m-2∙kPa-1), Psk_sat is the saturated water vapour pressure at the skin surface 

(kPa), and Pa is the ambient water vapour pressure (kPa). Changes in the he are primarily 
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driven by changes in the hc, in combination with changes in barometric pressure (Pb). The he 

can be calculated as: 

ℎ𝑒  =  LR ∙ ℎ𝑐 ∙ (760 − P𝑏)       [W·m-2·kPa-1] [20] 

Where: LR is the Lewis Relation which is a constant assumed to be 16.5 (AU) 

(Parsons, 2003), hc is the convective heat transfer coefficient (W·m-2·ºK-1) appropriate for the 

activity level and clothing [see Eq. 16-18]. 

During exercise in warm environments, the predominant method for cooling the body 

is through the evaporation of secreted sweat. Therefore, the evaporation of sweat is vital to 

minimise heat storage and protect against exertional heat illness (EHI), particularly when 

stressful thermal environmental conditions, high metabolic rates and/or high levels of 

clothing are present. As sweat is secreted onto the skin surface, evaporation occurs as the 

sweat transforms from a liquid to a gas which transfers heat energy (2430 J/g of sweat (PW & 

Charmchi, 1997)) from the skin surface to the surrounding environment. However, the exact 

value for the latent heat of evaporation (λ) of human sweat has been debated and is modified 

by certain factors. The value for λ decreases with increasing temperature of the skin surface 

(Monteith, 1972) and decreases with increasing distance from the skin surface (Havenith et 

al., 2013). However, the magnitude of the difference in the value across physiologically 

relevant temperatures and electrolyte content for λ is relatively small (±30 J/g) so the impact 

of any miscalculation will be ultimately minor. If sweat or fluid evaporates from clothing, the 

greater distance of evaporation location, the lower amount of latent heat is released from the 

skin surface, which could lead to higher skin temperatures and thermal strain. For some 

clothing types, there is also a complication (potentially beneficial) when estimating 

evaporation rates, where sweat evaporates from the skin surface and it may then condense 

back onto clothing/garments, which then evaporates again from the garment (Havenith et al., 

2008), serving to potentially increase Seff through this cyclical effect. Garments such as form 
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fitting, sweat wicking fabrics mostly absorb sweat immediately which then evaporates from 

the garment rather than the skin (e.g. underwear [11% reduction] vs outer clothing layer 

[28%]), which is known as the effective latent heat evaporation (λeff) (Havenith et al., 2013).  

2.2.5.4 Respiratory heat exchange during physical activity 

During rest and physical activity, heat can be exchanged in the respiratory system 

through both convective and evaporative mechanisms. As inhaled air is humidified and 

heated to body temperature within the respiratory tract, relatively small but important 

amounts of heat are lost to the environment (Nishi, 1981). As ventilation increases, air 

temperature and atmospheric humidity decrease larger amounts of heat will be lost via 

respiratory means. Therefore: respiratory heat exchange (Hres) can be estimated by combining 

estimated respiratory heat loss via convection (Cres) and evaporation (Eres) from the 

respiratory tract (Parsons, 2003):  

𝐶𝑟𝑒𝑠 = 0.001516 ∙ 𝑀(28.56 + 0.641 · P𝑎 − 0.641 · T𝑑𝑏)                 [W] [21] 

𝐸𝑟𝑒𝑠 = 0.00127 ∙ 𝑀(59.34 + 0.53 · T𝑑𝑏 − 11.63 −  𝑃𝑎)                 [W] [22] 

𝐻𝑟𝑒𝑠 = 𝐶𝑟𝑒𝑠  + 𝐸𝑟𝑒𝑠                          [W] [23] 

  Where: M is metabolic rate [W], Tdb is the temperature of the inspired air [ºC], 

assumed to be equal to the dry-bulb temperature, and Pa is the ambient vapour pressure [kPa]. 

2.2.5.5 The evaporative requirement for heat balance 

Since the late 1930’s, in accordance with heat balance theory, there has been evidence 

that whole-body sweat rate (WBSR) is directly determined from the evaporative requirement 

for heat balance (Ereq) (Nielsen, 1938). As methods for measuring various components of Ereq 

have improved over the years, many recent laboratory studies have shown exactly how well 

(r > 0.8-0.9) the evaporative requirement for heat balance determines whole-body sweat rate 

during steady-state exercise (Gagnon, Jay & Kenny, 2013; Cramer & Jay, 2019; Hospers et 

al., 2020). However, in situations where full evaporation of sweat is restricted, Seff is reduced 



Literature Review 

 26 

and the association between Ereq and WBSR will fall. During steady-state exercise heat 

storage can be assumed to be zero (S=0). Therefore, the conceptual heat balance equation can 

be rearranged to give the evaporative requirement for heat balance (Nishi, 1981). 

E𝑟𝑒𝑞  =  𝐻𝑝𝑟𝑜𝑑  – (± C ±  K ±  R) – (± C𝑟𝑒𝑠  ±  E𝑟𝑒𝑠)        [W] [24] 

Where: Hprod is metabolic heat production. Dry heat transfer avenues are given by 

convection (C), conduction (K), and radiation (R)) from the skin surface and heat exchange 

avenues from the respiratory tract are given by convection [Cres] and evaporation [Eres]). 

E𝑚𝑎𝑥  = ω𝑚𝑎𝑥 ∙
(P𝑠𝑘,𝑠𝑎𝑡 −𝑃𝑎 )

 (𝑅𝑒,𝑐𝑙+
1

ℎ𝑒∙𝑓𝑐𝑙
)
                        [W·m-2] [25] 

Where: Emax is the maximum capacity of the environment for evaporation, ωmax is 

maximum skin wettedness (ND), he is evaporative heat transfer coefficient, Psk,sat is the 

saturated water vapour pressure at skin temperature, and Pa is ambient water vapour pressure, 

(both in kPa) and Re,cl is the evaporative resistance of clothing (in m2·kPa·W-1) and fcl is 

clothing area factor (Parsons, 2014; Cramer & Jay, 2019). Psk,sat values can be calculated 

using Antoine’s equation (Osborne & Meyers, 1934) at 100% relative humidity at mean skin 

temperature. Clothing area factor can be estimated by the following equation (McCullough et 

al., 1985): 

 𝑓𝑐𝑙  = 1 + (2  R𝑐𝑙)                  [W·m-2] [25] 

 Where Rcl is the intrinsic thermal resistance (insulation) of the clothing. 

 

A higher maximum skin wettedness (ωmax) helps by increasing the surface area of the 

skin that is available to evaporate sweat (i.e., a more even distribution of sweat across the 

skin surface) which reduces the chances for sweat to pool and drip off the body, 

unevaporated resulting in losses to Seff. Fortunately, there are two methods to increase the 

upper limit of ωmax; heat acclimation/acclimatisation and general fitness improvements 

through cardiovascular and resistance exercise (Ravanelli et al., 2018; Ravanelli, Bongers & 
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Jay, 2019a; Ravanelli et al., 2019b). With general physical activity (cardiovascular and 

endurance exercise) ωmax can be improved from 0.72 (untrained and unacclimated) to ~0.84 

(ND), which allows for a greater proportion of the skin surface to be saturated with sweat, 

however, a series of dedicated active heat exposures are required to achieve a ωmax nearing 

1.0 (ND) (Ravanelli et al., 2018). 

A person’s perception of their sweat rate is highly individualised and often unreliable. 

While there is considerable variability in observed sweat rates between individuals (Baker, 

2017), recent evidence has confirmed earlier work (Nielsen, 1938) and suggested that the 

calculation of exactly what those differences are between individuals (body morphology and 

clothing) through heat balance modelling (Cramer & Jay, 2019) is possible (Gagnon et al., 

2013). This research provides strong evidence to suggest that the observed interindividual 

differences in sweat rates are likely not a result of unexplained factors such as genetics, but 

rather calculatable differences in the complex biophysical interactions that occur between 

humans and their environment during rest and exercise. The evaporative requirement for heat 

balance (Ereq) is a biophysical model which has been shown to almost entirely (~95%) 

determine WBSR during steady-state exercise in compensable conditions (Gagnon et al., 

2013). In this study, the authors collected data in well-designed and intently perfect 

laboratory conditions for Ereq to agree with WBSR whereby, participants were inside a 

whole-room direct calorimeter, with a range of high dry-bulb temperatures (30, 35, 40, 45 

ºC), low ambient vapour pressures, low levels of clothing and high levels of airflow. All these 

factors together reduced the chance for sweat to evaporate away from the skin surface or drip 

from the skin which would ultimately lead to a reduced sweating efficiency (Havenith et al., 

2008; Havenith et al., 2013) and likely less agreement between Ereq and WBSR. 

Most physical activity, however, does not occur in such perfect conditions. If we are 

to translate these findings into a useful model to help inform heat balance modelling and 
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extreme heat policies in sport, then we must do so in an outdoor environment where most 

community and professional sports occur when exposed to warm conditions. There is much 

greater variability in free living in outdoor settings (natural fluctuations in dry-bulb 

temperature, air velocity, solar radiation and metabolic rate) compared to the controlled 

laboratory environment, which may reduce the association between Ereq and WBSR. When 

selecting a modality of exercise that could elicit the extrapolation of the Ereq model to the 

outdoor environment, many factors had to be considered. Within the Ereq model (described 

above in section 2.2), metabolic rate, skin temperature, and dry and respiratory heat exchange 

all need to be either measured or estimated. The popular sport of cycling was therefore 

chosen, as metabolic rates can be estimated from power meters (Lanferdini et al., 2020; 

Dickinson & Wright, 2021; Rodríguez-Rielves et al., 2021; Liguori et al., 2022) and 

concomitant high convective and evaporative heat transfer coefficients [sections. 2.2.5.2-3] 

from high self-generated air velocities (Clarry et al., 2019; VAN Erp et al., 2020) mean that 

is only minor reductions in Seff, which would impact the relationship between Ereq and WBSR 

[section 2.2.6], so that the result could applied to many.  

Evidence suggests that endurance performance decreases and the health risks of 

dehydration increases at levels of dehydration beyond a ~2% reduction in body mass due to 

sweat loss (James et al., 2019). The impacts to performance and health are due to 

multifactorial system changes where blood volume is reduced, extracellular osmolality is 

increased and cardiovascular strain is increased (Cheuvront & Kenefick, 2014). Developing 

our understanding and ability to calculate Ereq well in a range of environments should allow 

for the development of refined sweat rate prediction models to inform hydration guidelines 

for many sports, across various environmental conditions and combinations of 

clothing/equipment and metabolic rates/individual body morphology. General guidelines for 

whole-body sweat rates (WBSR) across sports (endurance exercise, football, American 
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football, baseball, basketball, skiing and motorsport) and various populations (men vs 

women, recreationally vs professionally trained, adolescents vs adults) have recently been 

published (Barnes et al., 2019). However, without assessing the heat balance factors at an 

individual level (metabolic heat production [Hprod, W], clothing [clo, AU], and dry heat 

transfer between the body and environment [Hdry, W]) the translation of the guidelines into 

accurate, non-personalised recommendations is problematic. Using generalised, normative 

sweat rate data to guide individual hydration plans may increase the risks of hyponatremia 

when athletes ingest too much fluid or dehydration when they ingest too little fluid, 

particularly for individuals whose morphological and physiological characteristics (height, 

weight and achievable metabolic rate) and clothing differs significantly from the original 

tests subjects. 

For situations where an individual’s maximum WBSR is less than Ereq, the limit of 

compensability has likely been reached and the individual will experience a continual rise in 

body core temperature until the demands of the activity or the environment change. Ereq is 

determined by biophysical interactions between the skin surface and the environment, as such 

individuals with different body shapes, sizes and metabolic heat production as well as 

different levels of clothing can have a different Ereq in the same environment. Further, 

individuals can have different maximum whole-body sweat rates which are more of a 

physiological limitation. From a physiological perspective, the limit of compensability can be 

improved for an individual through aerobic training and heat acclimation/acclimatization, 

which help to improve sweating efficiency through improvements to maximum skin 

wettedness and increased maximum sweat rates (Racinais et al. 2015; Ravanelli et al., 2018). 

2.2.6 Sweating efficiency 

Sweating efficiency (Seff) is defined as the fraction of secreted sweat that evaporates 

from the skin surface. Sweating efficiency is determined by both environmental factors such 
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as ambient humidity, dry-bulb temperature, prevailing air velocity, and individual physiology 

and morphology (e.g., acclimatization status, skin surface area) (Candas, Libert & Vogt, 

1979a, b), and is primarily driven by the ratio of the evaporative requirement for heat balance 

(Ereq) to the maximum evaporative capacity of the environment (Emax), which can be 

expressed the skin wettedness required to maintain heat balance (ωreq) (Gagge, 1937).  

ωreq =  
Ereq

E𝑚𝑎𝑥
                   [ND] [26] 

Where: ωreq is the proportion of the skin surface required to be saturated with fluid 

(e.g., sweat) to maintain heat balance (ND), Ereq is the evaporative requirement to maintain 

heat balance (W), Emax is the maximum evaporative capacity of the environment (W).   

High absolute rates of metabolic heat production, high ambient vapour pressure 

(humidity), low air flows, and high levels of impermeable clothing all reduce Seff by either 

increasing Ereq or decreasing Emax. Seff can be estimated using (Vogt et al., 1981):  

S𝑒𝑓𝑓 = 1 −
ω2req

2
                  [ND] [27] 

Where: ωreq is the proportion of the skin surface required to be saturated with fluid 

(e.g., sweat) to maintain heat balance (ND). 

2.2.7 Physiological control of heat exchange 

Humans are in a constant state of bi-directional heat exchange with the environment, 

both losing and gaining heat via convection, radiation, evaporation, and conduction. Humans 

have two physiological control mechanisms that enable us to survive in a wide range of 

environmental temperatures. The first and most important during exercise and warm 

environments is the secretion of sweat and importantly the subsequent evaporation of that 

sweat (Gisolfi & Wenger, 1984). The second is via changes in skin blood flow [SkBF] 

(through vasodilation and vasoconstriction) which subsequently affects skin temperature and 

therefore dry heat exchange.  
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2.2.7.1 Sweat rate and dehydration 

Classic work in thermal physiology has demonstrated that the forcing function for 

thermoeffector responses (on-set and thermosensitivity [the rate of increase – slope of the 

line] of both sweat rate and SkBF) can be quantified using the change in mean body 

temperature (Tb) where Tb is a weighted average of Tc (0.9) and Tsk (0.1) (Nadel et al., 1971; 

Gisolfi & Wenger, 1984; Simon, Pierau & Taylor, 1986). The effect therefore on 

thermoeffector responses is for a greater change in Tb, there will be a faster onset of 

sweating, and/or a faster rate of sweat increase (thermosensitivity) to the individual’s limit. 

However, the forcing function for steady state-sweat rate during exercise has been less clear. 

By the very nature of differences in body shapes and sizes, metabolic heat productions, 

clothing levels and environmental conditions across people, it has been commonly thought 

that there is considerable individual variability in sweat rates (Baker, 2017) and 

individualised sweat rate profiles have been recommended (Sawka et al., 2007; McDermott 

et al., 2017). While considerable variability in sweat rates does occur, the cause of this 

variability has been observed to be due to known factors as such height, weight, metabolic 

heat production, clothing (both insulation and evaporative resistance) and environmental 

conditions, which collectively can be described by Ereq (see Eq. 3), with one study reporting 

that individual differences and/or inherent measurement error only explained the remaining 

~5-24% (Ereq explained 76-95%) of unexplained variance in WBSR (Gagnon et al., 2013; 

Ravanelli, Imbueault, & Jay 2020; Hospers et al., 2020). While it is certainly important and 

potentially helpful for recreational and professional athletes to characterise their sweat rate 

for their unique circumstances (clothing level, exercise duration, intensity environment), this 

can be resource intensive (Baker, 2016), prone to error with poor accuracy balances (and not 

accounting for food/fluid intake, and urine/faecal loss), and can interrupt or reduce training 

quality. Indeed, this also only provides insight into the sweat rate for that given set of 
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personal and environmental conditions and the translation of that observed sweat rate may be 

limited.  

 One of the main factors limiting our ability to continue exercising is the volume of 

sweat that comes from the blood to cool ourselves down. While this function is crucial in 

maintaining body temperature across a wide array of activity levels and environments, even 

mild-moderate dehydration can negatively impact thermoregulation through a poorer 

distribution of heat content inside the body and reduced sweat rate which results in a faster 

rise in body core temperature (Graham et al., 2020). Combined, these factors mostly affect 

performance through an increased heart rate and increased relative intensity (%VO2max) 

(James et al., 2019; Sawka et al., 2007). During prolonged work, exercise or simply being 

exposed to hot environments for long periods, the appropriate replenishment of fluids lost 

through sweat is an important factor to maintain health and performance. Current evidence 

suggests that appropriate fluid replacement for most endurance activities means maintaining a 

body mass loss during exercise of less than 2% of starting body mass. (James et al., 2019; 

Sawka et al., 2007). 

2.2.7.2 Skin blood flow  

 Skin blood flow (SkBF) is controlled through two branches of the sympathetic 

nervous system, the active vasodilator and the adrenergic vasoconstrictor systems 

(Charkoudian, 2010). With vasodilation in the cutaneous vascular system, more blood flow is 

distributed towards the skin and skin temperatures begin to rise, conversely, as 

vasoconstriction occurs in response to cold stimuli, SkBF lowers, and skin temperatures are 

further reduced. These physiological effects (of vasodilation and vasoconstriction) result in 

small physiological changes to Tsk in stable environments, which subsequently augments dry 

heat exchange with the environment by theoretically altering the skin-to-air gradient. 

However, this presumption was challenged recently as it was observed that the skin-air 
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temperature gradient was unaffected even with a ~20% reduction in SkBF (Cramer et al., 

2017). This ~20% reduction in SkBF not only did not affect dry heat transfer, but also did not 

reduce the critical ambient vapour pressure (Pcrit), which is the ambient vapour pressure point 

at which Ereq exceeds Emax. Firstly, these findings indicate that changes in SkBF itself may 

not meaningfully (at least when considering SkBF in the context of the skin-air temperature 

gradient) affect Tsk, and secondly that Tsk is driven primarily by other factors, such as the rate 

of sweat evaporation and environmental conditions such as dry-bulb temperature. These data 

were collected in a hot environment; where Tdb (41 ºC) > Tsk, however, more data need to be 

collected in an environment where Tdb is below Tsk to confirm these findings across different 

conditions.  

2.2.8 Skin temperature 

Skin temperature is an important physiological factor that not only affects dry heat 

transfer with the surrounding environment via augmenting the skin-air temperature gradient 

(see section 2.2.5.2), but also plays a role in affecting endurance performance and reducing 

thermal comfort (Frank et al., 1999; Stevens et al., 2018; Bright et al., 2023). High skin 

temperatures often result in higher levels of discomfort, particularly as the level of 

dehydration progresses (Kenefick et al., 2010). Skin temperature is an interface temperature 

between what is occurring within the body, and the biophysical interactions occurring at the 

skin surface (e.g., evaporation of sweat cooling the skin, heat transferred from the core to the 

skin via blood flow and heat being exchanged via evaporation, conduction, convection and 

radiation at the skin surface). Skin temperature is typically measured using multiple local 

skin temperatures and corresponding weighting factors to determine the relative contribution 

of each body segment which corresponds to the approximate surface area of the body part to 

mean skin temperature. As such there have been many measurement sites and associated 

weightings proposed to capture an accurate mean skin temperature, which range from as little 
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as 3 sites to as many as 17 sites across the body (Liu et al., 2011). When measuring Tsk in or 

outside the laboratory researchers must be aware of the environmental conditions when 

selecting the number of sites to measure as the variance in skin temperature across body parts 

widens with reductions in dry-bulb temperatures (and skin temperatures) (Livingstone et al., 

1987). Researchers must also consider the practicalities of their studies and the number of 

sites to measure. Evidence suggests that a minimum of 7 sites is required to adequately 

capture mean skin temperature across variable environmental conditions (Livingstone et al., 

1987). Therefore, in the studies presented in this thesis, skin temperature will be measured at 

8 sites as recommended by the ISO standard for evaluating thermal strain (ISO, 9886, 2004). 

There are current models which estimate Tsk that have been developed for both rest 

and exercise, across a range of environmental conditions and with a range of clothing levels 

(Mairiaux, Malchaire & Candas, 1987; Mehnert et al., 2000; Vanos et al., 2012; ISO, 7933, 

2004). Data have been collected mostly within laboratories but also in some outdoor settings 

to account for the effects of solar radiation (through increases in mean radiant temperature) 

on Tsk. All current estimation models for Tsk have been developed at air velocities of < 4.0 

m·s-1 with most trials being conducted at much lower air velocities (0-2 m·s-1). As such the 

performance of these models could be expected to reduce outside during outdoor cycling, 

where radiative heat load (solar radiation) is present and metabolic rate and particularly self-

generated air velocities are much higher than the models were developed for.  

The following methods for estimating mean skin temperature could be relevant for 

road cycling despite the potential limitations regarding metabolic rates and air velocities, 

Tsk_mehnert (Mehnert et al., 2000), Tsk_ISO (ISO, 7933, 2004) and Tsk_COMFA (Brown & 

Gillespie, 1986; Vanos et al., 2012):  

T𝑠𝑘_𝑚𝑒𝑛ℎ𝑒𝑟𝑡 = 12.17 + 0.02T𝑎 + 0.044T𝑟– 0.253𝑣𝑠𝑒𝑙𝑓 + 0.194P𝑎 + 0.0029M +

0.51346𝑇𝑐𝑒𝑞
 [˚C] [28] 
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The ISO standard (7933) gives two equations for scenarios where clothing is > 0.6 clo 

(Tsk_cl), and < 0.2 clo clothing (Tsk_nu). For situations where clothing falls between 0.2-0.6 

clo, the equation Tsk_ISO is given which is a combination of Tsk_cl and Tsk_nu. A clothing level 

during cycling in temperate ambient conditions (shoes, socks, jersey, bibs and helmet [and a 

sports bra for women]) could be estimated to be 0.3 [0.31 for women] (Zuo & McCullough, 

2004). Therefore, it is likely that the additional variable for Icl in the Tsk_ISO model will thus 

improve its performance relative to the Tsk_mehnert model. Tsk_cl is equal to Tsk_mehnert (ISO, 

7933, 2004). 

T𝑠𝑘_𝑛𝑢 = 7.19 + 0.064T𝑎 + 0.061T𝑟 – 0.348𝑣𝑠𝑒𝑙𝑓 + 0.198P𝑎 + 0.616𝑇𝑐𝑒𝑞
      [˚C] [29] 

T𝑠𝑘_𝐼𝑆𝑂 = T𝑠𝑘_𝑛𝑢 + 2.5 (T𝑠𝑘_𝑚𝑒𝑛ℎ𝑒𝑟𝑡 −  T𝑠𝑘_𝑛𝑢)  × (𝐼𝑐𝑙 − 0.2)        [˚C] [30] 

T𝑠𝑘_𝐶𝑂𝑀𝐹𝐴 = (
𝑇𝑐𝑒𝑞− T𝑑𝑏

𝑟𝑡 +𝑟𝑐+𝑟𝑎
) (𝑟𝑎 + 𝑟𝑐) +  𝑇𝑑𝑏              [˚C] [31] 

Where: Tdb is ambient temperature (in ˚C), Tr is mean radiant temperature (in ˚C), Pa 

is absolute humidity (in kPa); M is metabolic rate (in Wm-2), and 𝑇𝑐𝑒𝑞
 is steady-state body 

core temperature [estimated with Eq. 36]. Tissue (rt), clothing (rc) and aerodynamic (ra) 

resistances (s·m−1) were calculated according to Brown and Gillespie (1986) (Brown & 

Gillespie, 1986). Icl is the insulative resistance of the clothing ensemble assumed to be (0.3 

clo) (Zuo & McCullough, 2004). Clo is an arbitrary unit of clothing insulation (1 clo = 186.6, 

s·m−1 = 0.1555 m2·°C−1·W−1). 

Body tissue thermal resistance (rt) decreases with metabolic rate (W·m-2) and was 

calculated as (Brown & Gillespie, 1986):  

𝑟𝑡 = (−0.1 𝑀) + 65                   [s·m-1] [32] 

Static and dynamic clothing thermal resistance (rco, rc) were calculated respectively as: 

(Brown & Gillespie, 1986) 

 𝑟𝑐𝑜 = 𝑐𝑙𝑜 ×  186.61                   [s·m-1] [33] 
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𝑟𝑐 = 𝑟𝑐𝑜  × (−0.37 (1 − 𝑒𝑥𝑝
−𝑣𝑠𝑒𝑙𝑓

0.72 ) + 1)                [s·m-1] [34] 

 Where: vself is cycling velocity (m·s-1), clo is equal to Icl and 𝑟𝑐𝑜 is static clothing 

thermal resistance given by Eq. 33. 

Boundary layer thermal resistance (ra) was calculated as (Brown & Gillespie, 1986): 

𝑟𝑎 =
(0.17)

(𝐴𝑅𝑒𝑛𝑃𝑟0.33𝑘)
                            [W·m-2] [35] 

Where: Re is the Reynolds number (
0.17𝑣𝑠𝑒𝑙𝑓

𝑣
), where 𝑣𝑠𝑒𝑙𝑓  is free stream air velocity 

(cycling velocity, m·s-1), v is the kinematic viscosity of air (~1.5  10-5 m-2·s-1). A and n are 

empirical constants. When Re is > 40,000, A=0.0266 and n=0.805 (Kreith & Black, 1980). Pr 

is the Prandtl number assumed to be 0.7296 (Kreith & Black, 1980), k is the thermal 

diffusivity of air assumed to be 2.14  10-5 m2·s-1 at 25 °C (Y. S. Touloukian, 1970). 

2.2.9 Clothing (resistance to heat exchange)  

Clothing augments heat gain and heat loss from the surrounding environment via two 

methods. Clothing acts as a thermal barrier, influencing the rate of heat transfer from the 

body to the environment. The insulative properties of clothing are largely determined by the 

thickness, material, and construction of the fabric (Havenith, 2003). Materials with high 

thermal resistance reduce heat loss in cold environments and impede heat dissipation in hot 

environments. The ability of clothing to allow moisture (typically sweat, but also exogenous 

fluids [e.g., water] to facilitate cooling and reduce hydration requirements) to pass through it, 

known as moisture permeability, significantly impacts evaporative heat loss. Clothing that 

allows moisture to permeate and evaporate through the material and away from the skin can 

impact evaporative cooling less than a less permeable material (Pascoe, Shanley & Smith, 

1994). Conversely, clothing with poor moisture permeability can lead to sweat accumulation, 

reducing Seff, thereby reducing evaporative cooling and increasing sweat losses.  
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Importantly, clothing manufacturers have been pushing the idea of sweat wicking 

materials and fabrics (Mokha et al., 2011; Di Domenico, Hoffmann & Collins, 2022) that 

may increase perceived cooling functionality, reducing the wetness perception of the clothing 

worn (Ioannou et al., 2024). However, this is potentially at the cost of thermoregulation by 

reducing sweating efficiency. Sweat wicking fabrics absorb fluid from the skin surface 

quickly and then allow evaporation from the fabric itself to reduce wetness perception. 

However, the utility of this from a heat safety and thermoregulatory perspective is potentially 

low. Evidence suggests that the latent heat vaporisation of sweat (λ) is highest when the fluid 

evaporates from the skin surface, and that the effective latent heat vaporisation of water (λeff) 

reduces proportionally as the evaporation distance from the skin surface increases (Havenith 

et al., 2013). The practical implication of this effect is that sweat wicking clothing may 

counter initiatively increase fluid requirements during physical activity by decreasing λeff, 

thereby reducing evaporative cooling efficiency.    

2.2.10 Heat Storage (S) 

 The human thermoregulatory system aims to maintain heat balance, that is, where 

heat loss matches heat production. Heat storage occurs when there is a mismatch between 

heat produced within the body (Hprod) and dry and evaporative heat exchange pathways 

(Hloss). At rest in a temperate environment, homeostasis is readily achieved where heat 

storage (S) = 0. An imbalance between Hprod and Hloss typically occurs at the outset of 

physical activity as thermoeffector responses (sweat rate and skin blood flow) typically take 

5-15 minutes to reach parity with Hprod at the onset of exercise in a warm environment 

(Ravanelli et al., 2019a), which results in a rise in body core temperature (Tc). And secondly, 

an imbalance can occur in uncompensable environments, where the evaporative requirement 

for heat balance (Ereq) exceeds the maximum evaporative capacity of the environment (Emax) 

(Cramer & Jay, 2016). During physical activity in an uncompensable environment, heat 
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storage persists, resulting in a continual rise in core temperature (Ravanelli et al., 2019b). 

Extreme heat policies may then naturally define the upper tolerance for play for their sport at 

the limit of compensability for the level of activity (metabolic rate), clothing (clo), activity 

duration and combined thermal environmental conditions. 

2.2.10.1 Body core temperature estimation 

Estimating body core temperature (Tc) has been a key area of research at rest (Myny 

et al., 2005), during physical activity (Buller et al., 2013) and in occupational settings 

(Kampmann & Piekarski, 2000; Malchaire et al., 2000; Buller et al., 2015; Falcone et al., 

2021), mostly as a means for characterising both passive and exertional heat stress risk, 

without the need for high quality but expensive or invasive measures of Tc (e.g., telemetric 

gastrointestinal pill, esophageal, rectal temperature measurement). Body core temperature 

does not factor into the calculation of Ereq directly, however, Tc is a factor when calculating 

mean skin temperature using available prediction methods (see section 2.2.7 Eq. [28-31]) 

(Mehnert et al., 2000; Vanos et al., 2012; ISO, 7933, 2004). To that end, a potentially useful 

and accessible option to estimate steady-state body core temperature (Tceq) has been 

described by Malchaire et al., (2000) with the following equation: 

𝑇𝑐𝑒𝑞 = 36.6 + 0.002 ∙ 𝑀             [˚C] [36] 

 Where: M is metabolic rate (W·m-2) and Tceq is estimated steady-state body core 

temperature (ºC). This equation was originally proposed to describe Tceq, during physical 

activity and occupational settings, where any activity is conducted at neutral environmental 

conditions. Given this equation [35] does not include any indication of clothing, or the 

environmental conditions it is likely that Tceq may underestimate the true steady body core 

temperature where environmental conditions exceed ~25 ºC, given potentially greater and 

extended mismatch between Ereq and Emax and the equation [Eq. 36] was developed for 

temperate environments (Saltin & Hermansen, 1966). In the context of estimated sweat rates 
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during physical activity, however, there is evidence to suggest that Tc does not independently 

influence whole body sweat rate (WBSR) (Ravanelli, Imbeault & Jay, 2020). Therefore, any 

small errors between estimated and actual Tc wouldn’t directly affect WBSR but may affect 

the accuracy of the skin temperature prediction equations, thereby impacting the association 

between Ereq and WBSR when using different skin temperature prediction equations.  

  To address the identified gaps in the outdoor heat stress research literature, this thesis 

will focus on: 

1. The agreement in thermal environmental conditions between nearby BoM sites and 

playing surfaces at professional and community oval/cricket sporting venues across 

Australia. It is unclear how different conditions are and such a determination is 

necessary to determine how useful nearby BoM sites are to inform extreme heat 

policies in professional and community cricket. 

2. The most appropriate methods to calculate Ereq in an outdoor environment during 

recreational road cycling given the important relationship of Ereq to WBSR and the 

potential to improve the assessment of heat stress risk in sports where high sweat rates 

and extreme heat stress risk are probable.  

3. Understanding the accuracy and applicability of existing prediction equations for the 

prediction of mean skin temperature outside their original intended use (i.e., high 

airflow environments), and if appropriate, develop a novel method for the prediction 

of mean skin temperature in high airflow environments to better inform extreme heat 

policies through enhanced biophysical modelling. 
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2.3 Outdoor thermal environment 

As discussed in section 2.2, heat exchange between humans and their environment is 

determined by personal and environmental factors. The following section will discuss the 

relevant environmental factors that interact with humans to augment heat transfer between 

the skin surface and the outdoor environment. All studies within this thesis have utilised a 

custom-designed and built Environmental Monitoring Unit (EMU) (see Fig. 4) to measure 

and log all environmental variables that affect human heat balance in an outdoor environment 

(dry-bulb temperature, humidity, mean radiant temperature [via black globe temperature], 

wind speed). The specifications for the EMU are presented in the methods of the 

experimental chapters below (see section 3.2). 

 

Figure 5. Two EMUs on location at Optus Stadium in Perth, WA 
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2.3.1 Dry-bulb temperature 

Dry-bulb temperature affects heat exchange through modifications to the skin-to-dry-

bulb temperature gradient (Tsk – Tdb). In environments where Tdb is below Tsk, dry heat loss 

occurs and vice versa. As the difference between Tsk and Tdb reduces, the amount of dry heat 

loss approaches 0 and heat loss flips to heat gain from the environment (Tsk < Tdb) (Parsons, 

2014). At this point, the additional heat from the environment, including all metabolic heat 

production (from resting and active metabolism) must be offset by evaporative heat loss 

(sweat loss) to prevent extreme rises in core temperature (see Fig. 6).

 

Figure 6 Périard JD, Eijsvogels TMH & Daanen HAM (2021) Exercise under heat stress: thermoregulation, hydration, 

performance implications, and mitigation strategies. Where: ambient temperature = dry-bulb temperature. Adapted from 

Neilsen (1937). Retrieved from https://doi.org/10.1152/physrev.00038.2020 CC BY 4.0. 

 Assessing the effects of one environmental variable on performance methodically can 

be challenging due to the interplay between environmental and physiological variables (i.e., 

as Tdb increases so does Tsk which may increase Emax, see section 2.2.5.5). However, Tdb is 

consistently shown to impact thermal and cardiovascular outcomes during physical activity 

given its influence on heat exchange. For example, a recent study fixed ambient vapour 

pressure across 29 ºC and 35 ºC trials to elucidate any potential effects of a 6 ºC difference in 

https://doi.org/10.1152/physrev.00038.2020
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dry-bulb temperature on 30-min cycling time trial performance and found similar results 

between the warm (~206W) and hot (~205W) trials (Lei et al., 2020). However, in the hot 

trial, participants had a ~1.8 ºC higher Tsk. The maximum potential for evaporation (Emax) 

increases as skin temperature rises, therefore resulting in a higher Emax, which may have 

allowed the maintenance of a similar power output between warm and hot trials, as 

participants were likely able to evaporate sweat more freely in the hotter condition due to a 

higher Tsk and Emax. A more recent study has investigated the independent effects of dry-bulb 

temperature on 30-km cycling time trial performance across a wide range of dry-bulb 

temperatures (13 ºC, 20 ºC, 28 ºC, 36 ºC), while fixing the skin-to-air pressure gradient 

(Psk,sat − Pa) (Bright et al., 2021). In this study, mean power output across the 30-km time trial 

was maintained between the 13 ºC and 20 ºC trials (~275W and ~272W respectively) but 

dropped at 28 ºC (262W) and 36 ºC (~228W), owing to the increased cardiovascular strain 

experienced at 36 ºC mainly due to the reduced dry heat loss in the warm (28 ºC) and hot (36 

ºC) conditions. 
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2.3.2 Atmospheric humidity  

Atmospheric humidity is a measure of the total water vapour content of air. Typically, 

humidity is reported as relative humidity (RH), which is the ratio between the partial ambient 

vapour pressure (Pa, kPa) and the saturated ambient vapour pressure (Psa, kPa). The total 

amount of water vapour content air can hold, increases with increasing dry-bulb temperature. 

Therefore, warm air can have the same relative humidity as colder air yet hold a vastly 

greater amount of water vapour (Pa) (see Fig. 7). 

Figure 7 Camuffo (2014) Psychrometric chart for dry-bulb temperature, mixing ratio (or absolute humidity), and relative 

humidity. Adapted from https://doi.org/10.1016/B978-0-444-63296-8.00002-0 CC BY 4.0 

Evaporative heat loss (E) is driven by the difference between the vapour pressure 

gradient at the skin surface (Psk,sat), assumed to be saturated with sweat, and ambient water 

vapour pressure (Pa) [kPa] (Parsons, 2014). Therefore, changes in Pa and not RH augment 

evaporative potential. As the Psk,sat -Pa gradient approaches zero, the evaporative potential is 

reduced, and the risk for thermal and cardiovascular strain, particularly during exercise, 

increases.  

https://doi.org/10.1016/B978-0-444-63296-8.00002-0
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2.3.3 Mean radiant temperature 

Similar to other forms of heat energy, radiant heat moves along temperature gradients, 

from hot to cold. Radiant energy moves via electromagnetic infrared waves typically from 

the environment (solar radiation) to the body when outdoors. The body can absorb solar 

radiation directly (when standing in direct sunlight) or indirectly when the surrounding 

environment (such as buildings, sidewalks, and roads) absorbs, reflects and re-emits radiant 

heat energy from the sun (Parsons, 2014). 

To determine the amount of radiant heat that moves between two masses (~air-to-

body) the difference in temperatures between masses can be multiplied by the mass’s ability 

to absorb and emit radiative heat energy, known as emissivity (ε) (Campbell, 1977). Mean 

radiant temperature (Tr) is a calculated metric that includes Tdb, Tg, and air velocity. A 

prevailing breeze across the black globe thermometer (Tg) will provide convective cooling 

and reduce or keep Tg in check. Similarly, if there is no breeze but a high solar radiant load, 

then the difference between Tdb and Tg will widen, thereby increasing Tr  (Parsons, 2014). To 

determine the amount of heat transfer between the environment and humans, Tr can be 

calculated using the following equation at velocities ≥ 0.15 m·s-1 (ISO, 7726, 1998): 

𝑇𝑟 =  [(𝑇𝑔 + 273.15)4 +
(1.1  108  𝑣0.6)

ε  𝑑0.4 (𝑇𝑔 − 𝑇𝑎)]
0.25

− 273.15        [ºC] [37] 

Where ν is air velocity in m·s-1, ε is the emissivity of the black copper globe, assumed 

to be 0.97 (Parsons, 2003), and d is the diameter of the globe in meters (0.15 m). 

2.3.4 Operative temperature 

The operative temperature (To) is a combined model of Ta and Tr and their respective 

heat transfer coefficients that can be conveniently used to calculate both convective and 

radiative heat exchange where Tr > Ta, which is usually the case in outdoor environments 

(namely caused by solar radiation). To can be calculated as follows:  
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𝑇𝑜 =
(ℎ𝑟𝑇𝑟+ℎ𝑐𝑇𝑎)

(ℎ𝑟+ℎ𝑐)
             [ºC] [38] 

The greatest sources of variation within To come from differences in hc, Ta, and Tr, as 

hr remains relatively stable in most indoor and outdoor environments, noted by the fact in 

most indoor environments hr can be estimated at 4.7 W·m-2·K-1 (ASHRAE, 2009), however, 

a more accurate calculation for hr can be conducted with Eq. 14 when outdoors. 

2.3.5 Air velocity 

During outdoor recreation, airflow over the skin surface can be a critical facilitator of 

heat loss. Natural air movement occurs due to pressure fluctuations in the atmosphere, 

whereby air moves from high to low pressure areas which result from atmospheric 

temperature differences which may be modified by water vapour condensation (Makarieva et 

al., 2013). Air velocity serves to increase any given heat transfer via increases to hc and by 

indirectly increasing he as well as directly reducing environmental conditions by reducing Tr 

(as increased airflow over the black globe keep Tg closer to Tdb). In environments where the 

air is still, hc is low, as v increases, so does hc. Increases to hc mean that even at small 

temperature gradients between the skin and the environment, there can still be considerable 

dry heat loss which is partly why using a fan to move the air across the skin surface can feel 

so cool.  

During physical activity air velocity from both self-generated convection (e.g., 

cycling, running) and forced convection (indoors during treadmill running, ergometer cycling 

etc.) is important for the maintenance of thermal comfort and performance (Bright et al., 

2023). Bright et al. (2023) recently demonstrated there are diminishing returns on endurance 

exercise performance with increases in forced convection (i.e., forced airflow with fans) 

passed over the skin during a self-paced indoor cycling time trial in laboratory conditions at 

~32 ºC and ~40% RH. They observed that cycling time trial performance was the lowest in 

still air, versus 16, 30, and 44 km·h-1 air velocities. Performance did not differ between the 
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conditions until the final stages of the time trial, yet Tsk and thermal comfort were largely 

increased and reduced, respectively, during the still condition. Increasing wind speed from 16 

to 30 to 44 km·h-1 did not appear to have a large effect on Tsk, despite the large reduction in 

Tsk from still air to the 16 km·h-1 condition, perhaps due to the high dry-bulb temperature (32 

ºC) resulting in a higher floor for Tsk. Had this study been conducted in cooler conditions, it 

stands to reason that increasing airspeeds from 16 to 44 km·h-1 may provide additional Tsk 

cooling. Interestingly, individuals in this study appeared to have a lower WBSR in the 44 

km·h-1 condition (1.88 L·h-1) compared to the still air condition (1.95 L·h-1), despite 

producing more power (and therefore producing more metabolic heat). This did not reach 

statistical significance as WBSR was not a primary outcome and so the authors did not power 

their study to observe these differences.  

The relationship between air velocity and human heat exchange is not without nuance. 

For example, when calculating Ereq in an environment where Tdb < Tsk there will be dry heat 

loss to the environment, but if air velocity increases via forced or natural convection, Tsk will 

reduce thereby reducing the skin-to-air temperature gradient and concomitant dry heat loss. 

How this affects Ereq is that if all other conditions remain the same, a reduced Tsk would 

result in a lower dry heat transfer and potentially a higher Ereq. This relationship between air 

velocity, Tdb and Tsk, will presumably only grow stronger as air velocity increases due to the 

higher mass airflow across the skin. 

2.4 Extreme heat policies in outdoor sport 

Effective extreme heat policies in sport are necessary to maintain player safety while 

facilitating as much professional and community sport as possible, even when stressful 

thermal environmental conditions are present. Many sporting organisations have historically 

deferred to a sport agnostic general extreme heat policy and/or relied upon fixed dry bulb 

temperature cut-offs for play (Chalmers & Jay, 2018; Gamage, Finch & Fortington, 2020), 
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without the consideration for sport specific metabolic rate or clothing and other 

environmental parameters (wind velocity, ambient humidity, mean radiant temperature). The 

move to biophysical models that integrate the expected metabolic rates of athletes and sport 

specific clothing with environmental conditions has been recommended (Jay, Broderick & 

Smallcombe, 2021; Racinais et al., 2023), however, many sports – except for Cricket 

Australia (Cricket Australia, 2020) - persist with environmental limits for wet-bulb globe 

temperature (WBGT), or Tdb and/or RH fixed environmental cuts offs (Union Cycliste 

Internationale, 2024), which don’t adequately account for solar radiation or the personal 

factors (metabolic rate, body shape and size, and clothing level) of the athletes. Often, these 

policies could be economically improved by including on-site measurements of basic local 

environmental conditions (Tdb, RH and v) (Pryor et al., 2017; Tripp et al., 2020; Guyer et al., 

2021), and in the best-case scenario, including the measurement of Tg to provide information 

about the radiative thermal environment, rather than rely on problematic estimations of Tg.  

Extreme heat policies require a multi-pronged approach to mitigate the risks to 

players and spectators at sporting events in hot conditions. They require the evaluation and 

implementation of strategies from prevention, monitoring, to treatment. A recent 

International Olympic Committee (IOC) report includes appropriate environmental 

monitoring as step #1 in their guidelines for extreme heat policy development (Racinais et 

al., 2023). For example, the IOC recommends the following key aspects to be considered 

during extreme heat policy development: appropriate environmental monitoring (dry-bulb 

temperature, mean radiant temperature, air velocity and ambient humidity) (monitoring), heat 

acclimation/heat training (prevention), on-site/field of play, ice supply (cooling strategies - 

personal), misting fans to the (cooling strategies – personal/environmental), increased shade 

in preparation (prevention), recovery and post event (cooling strategies – environmental), 

medically supervised ice-baths facilities for the treatment of EHIs (treatment), hydration 
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recommendations to limit the level of dehydration and not fully replace sweat losses during 

competition (prevention/treatment), electrolytes and carbohydrates for recovery, appropriate 

clothing for athletes (clothing that does not impair direct evaporation from the skin surface 

(Havenith et al., 2013)) and officials (light, loose fitting sun protective) (prevention), athlete 

monitoring (prevention/monitoring), field of play medical supervision (monitoring), finish 

area medical care and pre-triage (treatment). 

Part of this thesis focuses on the first important aspect of extreme heat policy 

development and implementation, which deals with the appropriate and accurate monitoring 

of environmental conditions at the playing surface. Extreme heat policies typically categorise 

the prevailing heat stress risk using a thermal index or perhaps more appropriately, a 

biophysical thermal index, which combines the environmental factors that affect human heat 

balance, with personal (metabolic rate, height, weight) and clothing factors. These heat stress 

risk categories describe an increasing level of heat stress risk if the event/match continues 

and will usually provide guidance on the modification to play, postponing the event, and/or 

cooling strategies for the athletes (Armstrong et al., 2007; Casa et al., 2015; Jay et al., 2021). 

To appropriately categorise the heat stress risk where competition is occurring, accurate 

environmental data are required. If appropriate environmental data are not available 

competition officials are at an increased risk of being overly conservative and calling 

competition off unnecessarily and alternatively not calling off play fast enough to protect 

athletes from undue risk of exertional heat illness. 

Many sporting organisations across Australia such as Softball Australia (Softball 

Australia, 2022), the Australia Football League (Australian Football League, 2013), Lawn 

Tennis Association (Lawn Tennis Association, 2022), Cricket Australia (Cricket Australia, 

2020), Cycling Australia (Cycling Australia, 2021) and Sports Medicine Australia (Jay et al., 

2021) rely on using nearby meteorological weather site data (typically from the Bureau of 
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Meteorology [BoM] in Australia) to provide an indication of the thermal environment in 

which the athletes are participating in sport. How applicable these data from ‘nearby’ BoM 

sites are for these sporting venues is questionable (Pryor et al., 2017), given the likely 

differences between the natural and built environments surrounding the competition area and 

the natural and built environments surrounding the BoM or meteorological site. The use of 

on-site environmental monitoring is therefore optimal for the implementation of extreme heat 

policies in sports, as it may account for within-venue microclimates (Pryor et al., 2017), and 

differences between the meteorological site and playing surface (Cheuvront et al., 2015; 

Guyer et al., 2021) which causes additional error between nearby meteorological sites and the 

venue. 

2.5 Sporting venues and extreme heat stress risk assessment  

Individuals participate in sports across many different surface types, exposed to many 

different types of environmental conditions, from extreme heat and humidity to extreme cold 

and wind. A common issue when characterising the prevailing level of heat stress risk is the 

correct assessment of the thermal environment within a particular sporting venue. As there 

are four environmental parameters that affect human heat balance and therefore heat stress 

risk, an organisation must consider how they will categorise the heat stress risk as simple Tdb 

and/or RH cut-offs (using a climatic index such as WBGT or the apparent temperature [AT] 

which characterise the thermal environment into one variable, is quite common yet usually 

inadequate and quite problematic (Racinais et al., 2023)). In addition to a suitable assessment 

of the thermal environmental conditions, it is important to understand how representative to 

the areas which athletes are competing (i.e., within sporting venues [Football, Rugby, 

Cricket], or across large distances and varied topographical features [Road Cycling, Ultra-

Running) those reported environmental conditions are. Some sports like road cycling take 

competitors across an array of environments (valleys to mountain tops in one day) but many 
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others such as Cricket, Football, and Tennis compete in a fixed location such as a stadium. 

Characterising the heat stress risk along the course across a ~160 km Tour de France stage 

may prove quite challenging, and this problem is yet to be solved, however, characterising 

the level of heat stress risk for sports held in large sporting venues is not without its 

challenges. Different competition surfaces and surface types surrounding the competition 

areas can produce different environmental readings (Kosaka et al., 2018; Grundstein & 

Cooper, 2020) that differ from nearby meteorological weather sites (Pryor et al., 2017). As 

more sports require extreme heat stress policies, more focus will be on the details of if they 

are measuring the heat stress (local or nearby environmental measures), how they are 

measuring the heat stress (independent Tdb, RH, Tg, and wind speed, or other variables such 

as calculated or estimated WBGT), and where in relation to the athletes heat stress is 

monitored (e.g., along the potentially most risky section such as climb in a road cycling event 

during the European summer where metabolic heat production and temperatures are high, and 

self-generated air velocities and associated heat losses are lowered).  

It is recommended that sporting organisations use field-of-play measures of the 

environmental conditions with appropriate thermal environmental monitoring equipment 

(Racinais et al., 2023) however, some barriers to best practice exist. Firstly, throughout 

Australia and across the developed world there is easy access to meteorological information 

from sources such as the Australian Bureau of Meteorology (BoM), which provides almost 

the complete suite of environmental conditions required within an effective heat policy 

(except for an indication of radiation through Tg). BoM sites provide environmental data for 

Tdb, relative humidity, and wind velocity from many relatively nearby locations across 

Australia. The BoM also provides an estimated outdoor WBGT using an estimated solar load, 

which is equivalent to a ‘moderately sunny day’ and fixed ‘light’ wind speed. However, this 

is always prone to error but particularly so when solar radiation is reduced due to cloud cover 
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or other obstructions (e.g., buildings) (Grundstein & Cooper, 2018; Tripp et al., 2020). While 

common thermal environmental variables such as Tdb and RH are reported and widely 

available, the applicability of those data to sporting venues are limited due to differing 

surface types and the potential for microclimate development due to differing local built and 

environments (e.g., grandstands, natural surfaces, built surfaces), potentially inappropriate 

reported wind speeds, and the lack of true solar load which indicates the intensity of the 

radiant environment.  

Sporting venues across Australia can be unique in their design and location within a city 

or area. For example, major sporting venues for elite, professional sports such as the SCG 

(Sydney, NSW) and Optus Stadium (Perth, WA) are near the city centre due to the proximity 

to other infrastructure (e.g., transport, nightlife, restaurants) to facilitate ease of amenity. 

These venues are also located immediately within and surrounded by natural environments 

such as Centennial and Moore Park (for the SCG), Chevron Parkland and the Swan River for 

Optus Stadium but may yet experience local heating due to the Urban Heat Island (UHI) 

effect due to being in such large and dense urban environments such as Sydney and Perth. 

However, more community sporting venues such as Howell Oval (Penrith, NSW) and 

Blacktown International Sports Park (Blacktown, NSW) are on the outskirts of Sydney 

(NSW) and may experience less of an impact due to any urban heat islands due to the 

surrounding built environment.  

2.6 Effects on the urban landscape on the thermal environment  

More than half the world’s population lives within cities and urban areas, which is 

only projected to increase to 68% in 2050 (United Nations, 2018). Land use change from 

natural to built occurs with urbanisation which impacts the local thermal environment (Foley 

et al., 2005; Grimm et al., 2008). Global urbanisation has impacted local thermal 

environments by increasing dry-bulb temperatures within cities and reducing 
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evapotranspiration (Mazrooei et al., 2021) through land use changes reducing natural 

vegetation and increasing built structures (e.g., houses, office buildings).  

Practically, meteorological weather sites cannot be in that many locations within 

cities, so if sporting organisations rely on these sites for their thermal environmental data, 

they must be aware of how the thermal environment varies within cities due to factors such as 

green spaces, waterways and the built environment. Reducing green spaces such as parks and 

wetlands through urbanisation tends to increase dry-bulb temperatures as green spaces 

facilitate convective and evaporative cooling (Hao et al., 2023), and built environments tend 

to lower air movement (Coutts, Beringer & Tapper, 2007) and reduce shade, which increases 

mean radiant temperature (Tan, Wong & Jusuf, 2014). The UHI effect has been studied with 

detail (Zhao et al., 2014; Li et al., 2019), however, how the local thermal environment varies 

within cities has been much less studied. The natural and built environments that surround 

meteorological sites and playing surfaces may determine the quality of their agreement, as 

evidence suggests that green infrastructure is a key way urban heat can be mitigated (Li et al., 

2019) and that variability in the local thermal environment is increased within native 

ecosystems compared to residential landscapes (Hall et al., 2016). 

To address the identified gaps in the research literature, this thesis will focus on: 

• Determine if thermal environmental conditions at professional and community 

sporting venues matches the conditions which are reported by nearby 

meteorological organisations (e.g., BoM). 

• Evaluate the Ereq model and understand how it associates with WBSR in an 

outdoor environment during recreational road cycling. 

• Evaluate the available skin temperature prediction models for high airflow 

scenarios such as during recreational outdoor cycling and develop a new 

method of mean skin temperature prediction if required.  
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3.0 Abstract 

Purpose: This study sought to assess how well nearby Bureau of Meteorology (BoM) station 

heat stress data agrees with environmental parameters measured on field using the Cricket 

Australia (CA) Heat Stress Risk Index (HSRI) at cricket venues across Australia. Secondly, 

aimed to assess whether sporting venue type (Major/professional vs. Minor/community) 

affected the agreement and accuracy between BoM station and the playing field. 

Methods: On-site environmental conditions (dry-bulb temperature, relative humidity and air 

velocity) were measured with two custom built Environmental Monitoring Units (EMUs) 

during moderate to extreme heat stress environmental conditions. 161 hours and 28 minutes of 

data were collected across 29 days, at 5 Major venues and 11 Minor venues. Nearby BoM data 

were collected retrospectively from the nearest two weather stations.  

Results: BoM sites more frequently overestimated (26.5% of data collected) the HSRI by at 

least one category at Major venues. For Minor venues, BoM sites more commonly 

underestimated (15.8%) the HSRI by at least one category. Differences in the HSRI at Major 

venues were predominately driven by higher dry-bulb temperatures reported at BoM sites 

compared to venues (+1.3 ℃, 95% CI [0.9, 1.5 ºC]) (i.e., on-field conditions were cooler than 

reported by the BoM). Small differences in the HSRI at Minor venues were driven by lower 

dry-bulb temperatures and higher wind speeds reported at BoM sites compared with venues (-

0.7 ℃ 95% CI[-1.5, 1.8 ºC], +1.6 ms-1 95% CI[0.6, 3.0 ms-1]). 

Conclusion: BoM sites more commonly overestimated the HSRI at Major venues but more 

commonly underestimated the HSRI at Minor venues. During our sample of days, the ground 

truth measures were often substantially different from the BoM to the extent that incorrect 

HSRI classifications would have been made (i.e., not stopping play when conditions on field 

were unsafe, or disrupting play when conditions were in fact safe for play). On-site monitoring 

at all venues is therefore recommended during matchdays when warm conditions are present 
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to help mitigate potential losses in playing time and risk of heat illness due to misclassifying 

the heat stress risk. 

Keywords: Extreme Heat Stress, Outdoor Sport, Thermal Environment, Extreme Heat 

Policies 
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3.1 Introduction 

During outdoor sporting events, there is a need to protect participants from 

environmental stressors such as extreme heat, which is predominantly achieved through the 

development and implementation of Extreme Heat Policies (EHPs) (Larsen et al., 2007; 

Nichols, 2014; Chalmers & Jay, 2018; Jay, Broderick & Smallcombe, 2021). EHPs typically 

rely on nearby meteorological site data, or in rare but best-case scenarios, local 

environmental measures at the site of play (Racinais et al., 2023). Evidence indicates that 

considerable variation may exist between environmental data derived from local 

meteorological stations and those measured on-site, even across small distances (Cheuvront 

et al., 2015; Kosaka et al., 2018; Hosokawa et al., 2018). Such differences between on-field 

conditions and nearby meteorological sites may be due to factors including, the local 

geography/topography of the measurement sites, disparate surface types (grass/natural vs. 

concrete/synthetic) and potential differences in the surrounding structures (e.g. buildings, 

grandstands etc.) (Grundstein & Cooper, 2020; Liu & Jim, 2021). To optimally prevent heat-

related injuries, sporting officials must have accurate data representing the environmental 

conditions on the playing field (Hughson, Staudt & Mackie, 1983; ACSM, 1984). 

Cricket is a popular professional and community sport in Australia, with over 790,000 

adults and children participating in matches throughout 2022 (AusPlay, 2023), and 

participation in cricket is associated with health across the lifespan (Luies et al., 2023). The 

matches are often long in duration (>3 hours) and played during periods of hot weather across 

the Australian summer. Playing cricket is associated with a higher risk of heat-related 

hospitalisations (7% of all sport related hospitalisations between 2000-2004) in New South 

Wales (NSW) (Finch & Boufous, 2008) and across Australia (10% all sport related 

hospitalisations between 2002-2004) (Driscoll, Cripps & Brotherhood, 2008). Similar to 

other sports, the precise incidence of exertional heat illnesses (EHIs) arising from cricket 
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participation is likely underestimated due to the ambiguity in classifying EHIs appropriately 

within our healthcare system (Garcia et al., 2022). Popular participation in outdoor physical 

activity/sports combined with increasingly extreme heat stress conditions (Perkins-

Kirkpatrick & Gibson, 2017; Bureau of Meteorology, 2021) compounds the risk to 

individuals playing sports at a professional and community level (Orr et al., 2022). Heat-

related hospitalisations resulting from cricket participation are likely related to a combination 

of playing during peak weather conditions (i.e., mid-afternoon), long match durations (2-6 

hrs), regular intense, intermittent exercise bouts, and requirements to wear protective clothing 

and equipment, which limits convective and evaporative heat loss. 

Cricket matches across Australia are mostly played at two types of sporting venues: 

Major/professional venues with large grandstands that enclose a large proportion of the 

playing field and Minor/community venues with small grandstands and few buildings 

surrounding the playing field. Each stadium around Australia has distinct built and natural 

environmental characteristics surrounding it and each Bureau of Meteorology (BoM) station 

will also have its own unique characteristics in terms of its location (e.g., surrounding built 

and natural environment/structures). Therefore, it is possible, especially when the 

microclimates surrounding each venue (playing surface vs. BoM station) are disparate, that 

the environmental conditions reported by the BoM may not always match the environmental 

conditions observed on-field. Representative environmental data is critical to any EHP when 

implementing heat stress prevention recommendations (e.g., when to introduce additional 

breaks in play, when to use active cooling, when to suspend play) (Chalmers, Anderson & 

Jay, 2020). Overestimating the heat stress risk at a playing venue could result in needless 

cancelling of matches, revenue losses, frustration for spectators, and reduced physical activity 

opportunities for the community (Chalmers et al., 2020). Perhaps more importantly, 
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underpredicting the heat stress risk could result in suspending play too late or not at all, 

thereby exposing players to undue risk of EHIs. 

This study firstly aimed to assess how well nearby meteorological (BoM) station data 

agreed with heat stress conditions measured at the site of play using the Cricket Australia 

(CA) Heat Stress Risk Index (HSRI) at cricket venues across Australia. Secondly, we aimed 

to assess whether sporting venue type (Major/professional vs. Minor/community) affected the 

agreement and accuracy between BoM station and playing surface. 

We hypothesised firstly that the on-site heat stress risk will be higher within sporting 

stadia due to lower ambient air velocities compared to the BoM measurement locations and 

secondly that dry-bulb temperatures at Major venues may be higher than observed at nearby 

BoM measurement locations, possibly due to reduced air turnover due the enclosing 

grandstands.  
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3.2 Methods 

Data collection 

Data were collected between the 4th of February 2020 and the 16th of March 2023 at 

16 cricket venues across Australia. Data were collected on 1 to 2 days at each venue, for a 

total of 161 hours and 28 minutes, across 29 days (see Table 1). Onsite data were collected 

using two identical environmental measuring units (EMUs), custom-built, and extensively 

tested by engineers at The University of Sydney to meet the specifications outlined by the 

International Organisation for Standardization (ISO 7726, 2001). The following 

environmental conditions were measured: shaded aspirated dry-bulb temperature [Tdb] (°C), 

shaded aspirated wet-bulb temperature [Twb] (ºC), and wind speed [WS] (m·s-1), with relative 

humidity [RH] (%) calculated using Tdb and Twb [Eq. 1] (Abbott & Tabony, 1985): 

 

𝑅𝐻 =  
100[𝐸𝑋𝑃[1.8096+(

1.8096𝑇𝑤𝑏
237.3+𝑇𝑤𝑏

) ]−7.866×10−4𝑃(𝑇𝑑𝑏−𝑇𝑤𝑏)(1+
𝑇𝑤𝑏
610

)]

𝐸𝑋𝑃[1.8096+ (
17.2694𝑇𝑑𝑏
237.3+𝑇𝑑𝑏

)]
                [1] 

 

Where: RH - relative humidity (%), Tdb is dry-bulb temperature (°C), Twb is aspirated 

wet-bulb temperature (°C), P = station level pressure (hPa), set at 998.3 hPa for all venues 

and EXP is the exponent. 

 

The shaded aspirated dry-bulb and aspirated wet-bulb temperature thermometers used 

were perforated and immersion type 50 mm Class A platinum resistance thermometers, 

respectively (Temperature Controls, Sefton, NSW, Australia). The aspirated wet-bulb 

thermometer was draped in a wetted-cotton fabric connected to a reservoir of distilled water 

that kept the thermometer and cotton fabric fully saturated throughout data collection. Both 

thermometers were continuously aspirated at ~3.0 m·s-1 with a 40 mm by 40 mm x 20 mm 

Sunon fan (Sunonwealth Electric Machine Industry Company Ltd., Kaohsiung City, Taiwan). 
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Wind Speed [WS] was measured with a Windsonic ultrasonic Anemometer (Gill Instruments 

Ltd., Lymington, Hampshire, UK), which the following specifications, range: 0.0 to 60 m·s-1, 

accuracy of ±2% at 12 m·s-1, resolution: 0.1 m·s-1 and response time: 0.01 m·s-1). Each EMU 

was mounted to a Rollei tripod (Digitec Audio, Zurich, Switzerland) at a height of 1.2 m. 

One EMU was placed on the southern edge of the playing field, ~2 m inwards from the 

boundary rope and the second EMU was placed ~2 m south of the southern edge of the 

wickets (see Fig. 1). The southern edge of the ground and wickets were chosen to ensure the 

EMUs were positioned to receive sunlight unobstructed by grandstands throughout the day. 

Both EMUs were placed in position for 30 minutes prior to the start of data collection to 

equilibrate to the environment. EMUs were placed in full sun, where only cloud cover (when 

present) provided shade. Data were collected and viewed with Grafana (Grafana Labs, New 

York City, NY, USA) and downloaded as required for analysis.  

 

Cricket Australia Heat Stress Risk Index 

 The CA HSRI is a custom, evidence-based biophysical model to determine the heat 

stress risk when participating in cricket matches during warm weather and forms part of CA’s 

Extreme Heat Policy (EHP) (available here: https://cms.auscricket.com.au/documents/AC-

Heat-Policy-20-21-1.pdf?v=1680663603 or here: 

https://resources.playcommunity.pulselive.com/playcommunity/document/2023/10/30/0eae0

316-0dd6-4f24-9a07-0ce13a46b14e/Mitigating-Risk-Train-or-Play-A3.pdf). The HSRI is a 

10-point scale (0.0-<4.0 is ‘low risk’, manage heat as usual; 4.0-<8.0 is ‘moderate risk’, 

consider extra or more regular drinks breaks; 8.0-<10.0 is ‘high risk’, have longer drinks 

breaks to allow players to come off the field to cool down and apply cooling strategies; 

and >10 is ‘extreme risk’, consider suspending play until conditions have improved, e.g., 

<10). Currently, the algorithms within the HSRI tool are proprietary and are used by CA for 

https://cms.auscricket.com.au/documents/AC-Heat-Policy-20-21-1.pdf?v=1680663603
https://cms.auscricket.com.au/documents/AC-Heat-Policy-20-21-1.pdf?v=1680663603
https://resources.playcommunity.pulselive.com/playcommunity/document/2023/10/30/0eae0316-0dd6-4f24-9a07-0ce13a46b14e/Mitigating-Risk-Train-or-Play-A3.pdf
https://resources.playcommunity.pulselive.com/playcommunity/document/2023/10/30/0eae0316-0dd6-4f24-9a07-0ce13a46b14e/Mitigating-Risk-Train-or-Play-A3.pdf
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elite, junior and community cricket within Australia. However, the tool considers all four 

environmental parameters (Tdb, RH, WS and mean radiant temperature (Tr)) and the two 

personal factors (clothing insulation [clo], and metabolic heat production [Hprod]) that govern 

human heat balance (Cramer & Jay, 2019; Parsons, 2019). The user of the HSRI inputs three 

environmental conditions associated with heat stress risk assessment which are reported by 

nearby meteorological sites (Tdb, RH, and WS) and two user inputs that estimate the effective 

added solar load (Havenith & Fiala, 2015). An indication of actual solar load via solar 

radiation data or black globe temperature (Tg) experienced outdoors is not reported by BoM 

sites. Therefore, the effective solar load must be estimated when measuring heat stress risk 

outdoors, unless appropriate on-site measures are available (e.g., an EMU or similar device). 

 

Bureau of Meteorology Data 

 For every stadium from which data were collected, the nearest 1-2 BoM stations (see 

Table 2) were selected as the best-case weather stations. For every minute of data collected 

by the EMUs, Ta (°C), WS (m·s-1) and RH (%) the corresponding data from the nearest 1 to 2 

BoM sites were obtained in 1-minute intervals. To account for differences in measurement 

height of WS data, wind velocity data acquired from the BoM (recorded at 10 m above 

ground) were normalised to 2 m height with the following equation (Allen et al., 1998):  

 

𝑊𝑆2 =  𝑊𝑆𝑧
4.87

ln (67.8𝑧−5.42)
 [2] 

Where: WS2 is air velocity at 2 m above ground surface (m·s-1), WSz is measured air 

velocity at z m above ground surface (m·s-1), and z is height of measurement above ground 

surface (m), in this case, 10 m. An approximation of WS at 2 m height using [Eq. 2] can be 

achieved in practice by multiplying the measured WS by the BoM (at 10 m above ground) by 

0.75 (Allen et al., 1998). 
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HSRI categorical agreement (ΔHSRI) was defined and calculated as HSRIEMU − 

HSRIBoM (where: ΔHSRI = 0). BoM site accuracy was determined by the total time spent in 

HSRI categorical agreement divided by the total amount of data collected in at each venue. 

The proportion of time spent in HSRI categorical disagreement for each HSRI category 

('low’, ‘moderate’, ‘high’, ‘suspend play’) was determined by dividing by the total time spent 

in categorical disagreement (ΔHSRI 0). HSRI categories between sites could disagree by -1 

to -3, which means off-site measures (BoM) overestimate the on-site (EMU) conditions and 

by +1 to +3, which means off-site measures underestimate the on-site heat stress risk 

conditions.  

 

Stadium classification 

Cricket is played at a variety of sporting venues across Australia, from large venues 

such as the Sydney Cricket Ground [SCG] (Sydney, NSW) and Optus Stadium (Perth, WA) 

to small venues such as Great Barrier Reef Arena (Mackay, QLD) and Drummoyne Oval 

(Sydney, NSW). To characterise any potential differences in heat stress risk classification for 

between venue types, each venue was stratified as a Major or Minor venue (see Table 1). 

Major venues had a seating capacity ≥20,000 and the playing surface was surrounded by 

large, built-up grandstands. Minor venues had a capacity of ≤10,000 and the playing surface 

typically had one small grandstand which covered a small section of the boundary. At the 

larger venues the playing surface is “enclosed” by a ring of tall grandstands that provide no 

protection from solar radiation throughout the middle parts of the day, yet likely reduce air 

flow. Major grounds are also typically located in closer proximity to artificial environments 

like the central business districts of major cities. Minor grounds across Australia are typically 
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situated in natural environments and surrounded by local green space, which may impact the 

prevailing environmental conditions.  

 

Experimental Design  

This study employed an observational design that compared the heat stress risk 

measured on the playing surface at each venue (EMU) with the nearest BoM weather 

station/s. The 3 environmental parameters (dry-bulb temperature [Tdb, ºC] and the associated 

relative humidity [RH, %] and wind velocity [WS, ms-1]) which affect heat stress risk that 

are reported by BoM and other meteorological stations were compared and used to calculate 

the CA HSRI at each site (EMU vs BoM) for every 1-minute of data collected. 

All data collection was conducted during the warmest parts of the day and when cricket 

matches are played (typically between 0930-1630 local time). Data collection days were 

selected by the research team when high heat stress conditions were forecast and the HSRI 

was predicted to exceed 4.0 on the scale (0.0-10.0 scale). Data collection days were chosen 

across the summertime period in Australia (when cricket is usually played) on warm days 

when the heat stress risk was its highest, and therefore when it is most important to be 

confident in the data that underpin official’s decisions, as the public health-related and 

economic consequences are the greatest. 

 

Statistical Analyses 

All stadia were compared with the two geographically closest BoM weather stations 

except for Traeger Park (Alice Springs, NT), Great Barrier Reef Arena (Mackay QLD), and 

Allan Border Oval (Brisbane, QLD), where only one appropriate BoM station was identified. 

Differences in the HSRI category of ≥1 category were considered meaningful (a priori) and 

were calculated and expressed as a percentage of the total data collection time to quantify the 
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level of agreement between on-site measurements and the BoM (i.e., BoM accuracy). A 

HSRI category difference of 1 or more was classified as meaningful given the significant 

change in recommendation that would take place when a categorical difference was observed 

(i.e., stop play, introduce lengthy breaks to apply cooling strategies).  For the relatively small 

number of data points (30 BoM accuracy scores), determining the distribution of the BoM 

accuracy variable was important prior to choosing an appropriate statistical method. The 

Shapiro-Wilk test was selected to assess normality and BoM station accuracy (%) data 

showed evidence of non-normality (W = 0.891, P = 0.05). Further skewness and kurtosis 

analysis showed more evidence of non-normality (skewness -2.32, kurtosis 0.85). All data 

were analysed with Python 3.9 (PyCharm IDE, Version 2023.2). Numpy (https://numpy.org/) 

and Pandas (https://pypi.org/project/haversine/) were used to process and transform the data. 

Haversine (https://pypi.org/project/haversine/) was used to compute distances between BoM 

stations and venues using longitude and latitude for each venue and BoM station. Seaborn 

(https://seaborn.pydata.org/index.html) and matplotlib (https://matplotlib.org/)were used to 

visualize the data. All data and source code for data preparation, analysis and visualisation 

are available on request. 

  

https://numpy.org/
https://pandas.pydata.org/
https://pypi.org/project/haversine/
https://seaborn.pydata.org/index.html
https://seaborn.pydata.org/index.html
https://matplotlib.org/
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3.3 Results 

Table 1 contains the stadium and BoM site characteristics for the data collection venues 

(location, capacity, time, and venue type). Data were collected at 8 venues across New South 

Wales, 1 in the Northern Territory, 3 across Queensland, 2 in South Australia, and 2 in 

Western Australia (see Fig. 1). Off-site environmental data were collected from the 1 to 2 

nearest BoM sites. BoM sites for Minor venues were an average of 8.80 km away [range: 

0.35-20.04 km]. BoM sites for Major venues were an average of 6.09 km away [1.18-11.28 

km].  

Differences in the Cricket Australia Heat Stress Risk Index (HSRI) and the factors that 

underpin the HSRI (dry-bulb temperature, relative humidity, and air velocity) between on-site 

and off-site measures were examined at each venue by plotting data with a line of identity 

(Fig. 3 with all individual venues in the supplemental figures). Across all venues, 11% of 

data fell into the ‘low risk’ category, 26% fell into the ‘moderate risk’ category, 9% fell into 

the ‘high risk’ category and 54% fell into the ‘suspend play’ category. This indicates that we 

were successful in capturing stressful environmental conditions that are representative of 

conditions relevant to when extreme heat policies are in effect.  

The accuracy for each BoM site across each of the HSRI categories for each venue is 

reported in Table 2. Minor venues spent a greater amount of time in categorical agreement 

than Major venues, with the BoM more likely to underestimate the HSRI experienced on the 

field at Minor venues and overestimate the HSRI at Major venues (Fig. 5, left). Irrespective 

of the level of heat stress (i.e., accuracy across all 4 HSRI categories), the BoM station 

accuracy was higher (80% [range: 42-100%]) for Minor venues compared with for Major 

venues (58% [range: 7-96%]) (Fig. 5, middle). The highest BoM site accuracies were 

observed at venues with the lowest variability in environmental conditions across the day, 

where most of the day (e.g., Townsville Aero) was spent in the ‘consider suspending 
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play’ >10 HSRI category. The most accurate venue and BoM site combination was at Traeger 

Park and the Alice Springs Airport Station, where the BoM and EMU HSRI categories 

agreed 100% of the day, while the HSRI was in the High and Extreme categories for 8% and 

96% of the day, respectively (see Table 2). At the SCG and Sydney Airport Station however, 

on-site and off-site measures agreed 7% of the time, with the off-site measures 

overestimating the HSRI by one category for 93% of the time. Across two days at Adelaide 

Oval, most of the time was spent in the ‘extreme’ HSRI category (96% at West Terrace, 93% 

at Adelaide Airport). For the 6% of data in the -2 and -1 ΔHSRI category at the Adelaide 

Oval (see Table 2), the Adelaide Airport station observed a drop in dry-bulb temperature 

prior to the Adelaide Oval (see supplemental figures), which caused the acute categorical 

disagreement. A moderate negative relation was observed between BoM site accuracy and 

distance from the stadium for Major (r = -0.43) venues and a weak negative relation was 

observed for Minor venues (r = -0.22) (Fig. 5, right). 

Across all Minor venues, the mean HSRI scores reported by the BoM were 9.7 [95% 

CIs: 2.0-15.9] (AU) compared with 11.2 [3.0-17.4] (AU) when measured on the playing 

surface, which indicates using local meteorological weather data may lead to underestimation 

of the heat stress risk on-field (see Fig. 4). Across all Major venues, the mean HSRI scores 

reported by the BoM were 10.9 [3.7-20.8] (AU), compared with 10.4 [2.5-21.8] (AU) when 

measured on the playing surface. Dry-bulb temperatures for Minor venues reported by the 

BoM were 31.1 [26.0-35.7] (C) compared with 31.8 [27.5-37.5] (C) as recorded on-site. 

Dry-bulb temperatures for Major venues reported by the BoM were 32.4 [27.2-40.3] (C) 

compared with 31.1 [26.2-38.8] (C) as recorded on-site. The mean relative humidity across 

all Minor venues as reported by the BoM was 45 [19-77] (%) compared with 44 [16-72] (%) 

as measured on-site by the EMUs. The mean relative humidity across all Major venues as 

reported by the BoM was 39 [13-63] (%) compared with 49 [20-71] (%) recorded on-site. 
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The mean absolute humidity across all Minor venues as reported by the BoM was 0.0139 

[0.0076-0.0222] (gm-3) compared with 0.0142 [0.0071-0.0225] (gm-3) when recorded at the 

playing surface. The mean absolute humidity across all Major venues as reported by the BoM 

was lower - 0.0125 [0.0069-0.0172] (gm-3) compared with 0.0146 [0.0087-0.0204] (gm-3) 

recorded on-site. Despite transforming air velocities reported by the BoM to an 

anthropomorphic height (see methods), wind velocities remained substantially higher at the 

BoM sites across both Minor (BoM: 3.4 [1.3-6.4], EMU: 1.8 [0.8-3.4] (ms-1)) and Major 

(BoM: 4.2 [1.9-7.5], EMU: 1.7 [1.2-2.5] (ms-1)) venues when compared to the playing 

surfaces (see Fig. 4, bottom row). 
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3.4 Discussion 

This study aimed to compare the agreement in the heat stress risk index (HSRI) between 

nearby Bureau of Meteorology (BoM) stations and ground truth on-site measurements with 

purpose-built Environmental Monitoring Units (EMUs) in oval sporting venues across 

Australia and secondly to assess whether the type of sporting venue (Major vs. Minor) 

affected the agreement and accuracy of each BoM station. 

The first major finding of this study is that BoM station data are more likely to 

overestimate the HSRI category at Major venues (26.5% of data ΔHSRI ≥+1) and 

underestimate the HSRI category at Minor venues (15.8% of data ΔHSRI ≤-1) (Fig. 5, Left). 

Overestimates of the HSRI at Major venues were driven by higher observed air temperatures 

at nearby weather stations (+1.3 ℃, 95% CI [0.9, 1.5 ºC]) compared with on-field measures 

(Fig. 4). Underestimates of the HSRI at Minor venues were driven by lower observed air 

temperatures at the nearby weather stations (-0.7 ℃ 95% CI[-1.5, 1.8 ºC],) compared with 

on-field measures (31.8 ºC), with the same absolute humidity between sites (BoM 0.0139 vs. 

EMU 0.0142, gm-3). During this study, we aimed to collect data in stressful environmental 

conditions as it is in more oppressive environments that activity modification is most 

important under any extreme heat policy to ensure safety. Targeting data at these extreme 

conditions meant that 63% of the data collected resulted in a modification to play, whether 

that be moderate risk, high risk and extreme risk.  

Previous research observed that meteorological station data consistently underestimates 

the heat stress risk when Wet-Bulb Globe Temperature (WBGT) is measured with a 

commercially available Kestrel Heat Stress meter (Cheuvront et al., 2015; Guyer et al., 2021) 

across multiple types of sporting fields and surfaces (grass baseball fields, asphalt tennis 

courts, artificial turf surfaces, and rubber athletics tracks). However, in contrast, Tripp et al, 

observed higher WBGT values using the BoM method of estimating WBGT (which has two 
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inputs: Tdb and RH) compared with on-site measures with a WBGT device which takes direct 

measurements of dry-bulb temperature, natural wet-bulb temperature and black globe 

temperature which are measures that underpin the WBGT index and its calculation (General 

Tools WBGT 8758 ) (Tripp et al., 2020). Further, the BoM method of estimating WBGT has 

been reported to systematically overestimate on-site WBGT (BoM: +1.6 ºC) compared to the 

‘Liljegren method’ (Liljegren et al., 2008), particularly at times when solar radiation and air 

velocity are substantially different than the BoM WBGT model assumptions (‘moderately 

high radiation level’ and low air velocity) (Grundstein & Cooper, 2018). However, the 

underestimation of WBGT using meteorological data compared to local measures remained, 

despite the use of the more robust Liljegren method (Liljegren et al., 2008) for estimating 

WBGT from the complete suite of meteorological data (Tdb, WS, RH and solar radiation) 

(Guyer et al., 2021). However, solar radiation data are not typically available from 

meteorological stations, which makes estimating WBGT appropriately from meteorological 

stations potentially problematic (Havenith & Fiala, 2015). Additionally, any data that uses the 

Kestrel heat stress meter (or similar) should be interpreted with caution due to its design 

limitations. The Kestrel device has been shown to overestimate WBGT compared to a 

reference WBGT unit (Cooper et al., 2017) in outdoor environments. The overestimation of 

WBGT with the Kestrel meter (or similar) may increase with reductions in air velocity and 

increases in Tr/solar radiation (Anderson, 2023), likely due to a lack of forced convection 

across the dry-bulb temperature thermometer, and a black globe substantially smaller than the 

standard size (25.4 vs 150 mm) (Havenith & Fiala, 2015). 

The second major finding is that using nearby BoM station data results in a less 

common rate of HSRI categorisation in Major venues (58%) than in Minor venues (80%). 

Major venues have large, encompassing grandstands typically situated in dense, urban 

environments. Minor venues are often located further away from city centres in less dense 
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urban environments with smaller and less surrounding built infrastructure, with fewer and 

smaller grandstands. The lower accuracy of nearby BoM stations observed at Major venues 

(58%) may be a result of the unique characteristics of Major venues (e.g., grandstands, 

regular irrigation of the field) and the built and natural environment that surrounds the venue 

and the respective BoM station that affects the homogeneity of the environment between the 

venue and BoM station (Cheuvront et al., 2015). The authors described the environment 

across the Boston Marathon route as homogenous, with similar built and natural 

environments surrounding all parts of the course and meteorological station. While the 

average accuracy for all Major venues was lower, the accuracy for each venue and BoM 

station combination may be unique to each case. For example, the highest two accuracies 

(96%, 93%) observed for Major venues were at Adelaide Oval and the West Terrace 

‘Ngayidapira’ (1.60 km away) and Adelaide Airport (8.07 km away) BoM stations, 

respectively. Factors such as the distance between sites (distance from BoM station to 

playing surface) (Fig. 5, right), variability of environmental conditions across the day, and 

the built and natural environments surrounding each BoM site and sporting venue and wind 

direction on the day could result in a unique agreement in the HSRI between a nearby 

meteorological station and sporting venue. 

A third important finding of this research is the air velocity experienced at a playing 

surface in both Major and Minor venues is lower than the air velocities reported by BoM 

stations (Fig. 4). This observation is despite using standard transformations in air velocity 

reported by BoM stations at 10 m above ground level to anthropomorphic heights (~1.5-2 m) 

(Allen et al., 1998). The direct effect of the large grandstands that enclose the playing surface 

likely contributed to the lower air velocity within Major venues, compared with nearby BoM 

stations. Any reduction in airflow through and across the venue would reduce air turnover, 
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reduce local potential evapotranspiration (Valipour, 2015; Liuzzo, Viola & Noto, 2016) and 

allow a microclimate to develop differently to a nearby meteorological station. 

Across all Major venues, we observed a higher absolute humidity on-site 0.0146 

[0.0087-0.0204] (gm-3) versus nearby BoM stations 0.0125 [0.0069-0.0172] (gm-3). 

Combining the higher absolute humidity with the lower observed air temperatures on-site 

(31.1 ºC) versus the nearby BoM station (32.4ºC) resulted in a similar HSRI at each venue. 

This observation could be explained by the unique characteristics of Major sporting venues 

described above. We assessed the environmental conditions at Major sporting venues during 

summer across Australia on high heat stress days and ground staff reported overnight 

irrigation at the playing surface. The exogenous irrigation at Major compared to Minor 

venues likely impacted the environmental conditions locally by increasing the available water 

to convert from sensible to latent heat through evapotranspiration (Mishra et al., 2020), 

potentially cooling the local environment, and increasing absolute humidity at the field-of-

play (Fig. 4). This phenomenon is problematic when assessing heat stress risk in sporting 

venues as ultimately it is the limitation placed on evaporative heat exchange by increases in 

absolute humidity and associated reductions in the maximum evaporative capacity of the 

environment (Emax) that drives increases in heat stress risk, rather than relative humidity 

(Gagge, 1937). 

Across both Major and Minor venues using BoM station data, the HSRI category was 

overestimated for 11.4% of the time by 1 or more HSRI categories and underestimated the 

HSRI category for 13.2% of the time by 1 or more heat stress risk categories. The practical 

outcome of these differences is that when sporting officials use off-site meteorological station 

data to inform their EHP (e.g., when to allow additional/extra breaks in play, recommend 

additional cooling interventions, and suspend or indeed resume play) there is an increased 

risk of misclassifying the HSRI category. Overestimating the HSRI could result in economic 
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losses (from needlessly postponed/cancelled matches) and reduced physical activity 

opportunities for the community due to an overly conservative modification to play. 

Conversely, underestimating the HSRI on the field of play could result in an increased risk of 

heat stress cases (Chalmers et al., 2020; Racinais et al., 2023). Therefore, to adequately 

assess heat stress risk in a particular venue, a device that measures the four environmental 

parameters that affect human heat balance (dry-bulb temperature and its associated relative 

humidity, wind velocity and mean radiant temperature) must be used to monitor the 

environmental conditions in real-time and must be positioned nearby to and on the same type 

of surface to the field of play (ideally on the field of play) (Racinais et al., 2023; Pryor et al., 

2017). 

 The generalisability of the average agreement between each venue and the respective 

BoM station/s to other venues and indeed these venues on other days may be limited, 

although a similar pattern was observed across multiple major venues across multiple 

locations and days (i.e., large differences in ambient wind velocity). We observed 

environmental conditions across 1 or 2 days, often on back-to-back hot days. Given the 

variable nature of environmental conditions, our data cannot be used to develop correction 

factors for the observed venues, as this volume of data is insufficient for that purpose. Data 

collection occurred across three cool and high rainfall summers across Australia throughout 

the La Niña events of 2020/21, 2021/22, and 2022/23 (Bureau of Meteorology, 2022), which 

reduced the availability of thermally stressful days of summer. Despite those challenges, the 

majority (89%) of environmental data collected HSRI exceeded 4.0 on the HSRI (0-10 scale), 

which met our target for thermally stressful environmental conditions, relevant to when 

player health and welfare could be impacted. The four environmental factors measured by the 

EMU independently affect heat stress and as such, a heat index that combines some or all 

these parameters is often selected to compare environmental conditions across locations. We 
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selected the HSRI as an index that takes continuous data and creates stepped categories 

(“buckets”) to determine the heat stress risk and associated heat stress risk management 

actions within those heat stress risk buckets. With any categorical index, small fluctuations in 

any of the underpinning components (e.g., ± 0.5 ºC) could result in changes in the heat stress 

risk category (e.g., from 9.9 ‘high risk, extended drinks breaks’ to 10.0 ‘extreme risk, 

consider suspending play’). Such a small absolute change in the HSRI results in a large 

change in heat stress risk management recommendations. 

Previous research suggests nearby meteorological stations underestimate the 

prevailing heat stress within smaller sporting venues across multiple types of built and natural 

surfaces (Cheuvront et al., 2015; Grundstein & Cooper, 2020; Tripp et al., 2020). Here we 

have found similar results where nearby meteorological stations typically underestimate the 

heat stress risk for Minor venues, however for Major venues, nearby meteorological stations 

typically overestimate the prevailing heat stress risk. Although not directly compared in this 

study, one of the many reasons weather stations may never accurately reflect the correct 

environmental conditions in which outdoor is played, is because they do not measure black 

globe temperature (Tg), which is a critical component of human heat balance. Black globe 

temperature can be estimated however, without solar radiation data the accuracy of any 

estimation is currently limited and is impractical to use in the field without expensive, 

specialised equipment or meteorological formulae (Liljegren et al., 2008), when simpler and 

actual measurement devices are cheaper, more accurate and easier to use. Future research 

should evaluate the local environment of nearby meteorological stations and the venue to 

determine the built and natural environmental factors, which have an impact on the 

agreement of environmental conditions. Future research should evaluate additional venues for 

a longer timeframe (i.e. across an entire summer) where physical activity occurs within cities, 
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to ensure EHP’s can be implemented with data that is representative of the conditions in 

which activity is occurring. 

Conclusion 

The present study observed substantial differences in the HSRI category between 

meteorological stations and the field of play across a range of Major and Minor oval sporting 

venues across Australia. Our results suggest that as the distance between the meteorological 

site and the playing venue increases, the accuracy of the meteorological site decreases. The 

reduction in observed accuracy is more substantial for Major sporting venues, compared with 

Minor venues. On-site environmental monitoring reduces the chances of misclassifying the 

heat stress risk, particularly at Major sporting venues where the inaccurate assessment of heat 

stress risk with meteorological station data is more common. Therefore, on-site 

environmental measures may reduce the risk of heat stress cases and costly (economic and 

population health) reductions in safe playing time. 
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Table 1. Table of data collection venues and BoM site characteristics. 

New South Wales = NSW, Northern Territory = NT, South Australia = SA, Western Australia = WA, Queensland = QLD, WACA = Western Australia 

Cricket Association, SCG = Sydney Cricket Ground, “-“ = unreported, N/a indicates no appropriate secondary BoM site was available 

  

Days collected = 29, totalling 161 hours 28 minutes of data 

Stadium City, State 

Data volume 

(hh:mm) BoM station #1 Site ID BoM station #2 Site ID 

Seating 

capacity Venue type 

Bankstown Oval Sydney, NSW 11:54 Bankstown 066137 Canterbury 066194 8,000 Minor 

Blacktown ISP Sydney, NSW 12:12 Horsley Park 067119 Bankstown 066137 10,000 Minor 

Drummoyne Oval Sydney, NSW 6:00 Sydney Olympic Park 066212 Observatory Hill 066214 5,500 Minor 

Howell Oval Sydney, NSW 11:22 Penrith Lakes 067113 Badgery’s Creek 061708 - Minor 

Sydney University Oval Sydney, NSW 10:50 Sydney Airport 066037 Canterbury 066194 2,000 Minor 

Hurstville Oval Sydney, NSW 6:00 Bankstown 066137 Sydney Airport 066037 5,000 Minor 

Spotless Stadium Sydney, NSW 2:30 Sydney Olympic Park 066212 Canterbury 066194 23,600 Major 

 SCG Sydney, NSW 12:20 Observatory Hill 066214 Sydney Airport 066037 48,000 Major 

Traeger Park Alice Springs, NT 12:42 Alice Springs Airport 023034 n/a n/a 7,200 Minor 

Allan Border Field Brisbane, QLD 12:20 Brisbane 040193 n/a n/a 6,500 Minor 

Great Barrier Reef Arena Mackay, QLD 12:51 Mackay Airport 033045 n/a n/a 10,000 Minor 

Riverway Stadium Townsville QLD 12:04 Townsville Aerodrome 032040 Mt Stuart 032195 10,000 Minor 

Adelaide Oval Adelaide, SA 12:25 West Terrace (Ngayidapira) 023000 Adelaide Airport 023034 53,500 Major 

Karen Rolton Oval Adelaide, SA 12:21 West Terrace (Ngayidapira) 023000 Adelaide Airport 023034 5,000 Minor 

Optus Stadium Perth, WA 11:57 Perth Metro 09225 Perth Airport 09021 60,000 Major 

WACA Ground Perth, WA 12:00 Perth Metro 09225 Perth Airport 09021 24,500 Major 
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Table 2. The percentage of time the Cricket Australia (CA) Heat Stress Risk Index (HSRI) categories differ on-site (EMU) compared to off-site (BoM) for all venues. 

 Heat Stress Risk Index 

Low (0.0-3.9) 

‘proceed as 

normal’ 

Moderate (4.0-7.9) 

‘extended breaks’ 

High (8.0-9.9) 

‘extended extra 

breaks 

Extreme (>10.0) 

‘consider 

suspending play’ 

ΔHSRI across all HSRI 

categories 

Stadium ΔHSRI (BoM- EMU) -2 -1 0 -2 -1 0 1 -1 0 1 0 1 2 -2 -1 0 1 2 
Adelaide Oval 

(SA) 

West Terrace         4   96   
 4 96   

Adelaide Airport    5    1   93   5 1 93   

AB Field (QLD) Brisbane  11 19   45 25        11 64 25  

Bankstown Oval 

(NSW) 

Bankstown  18 6 18 1 1  13   35   18 40 42   

Canterbury   9   17 3  6 6 54 6    86 14  

Sydney Olympic Park  5   8 11  14   62    27 73   

Blacktown ISP 

(NSW) 

Bankstown 6 1 12 5 3 22 3 2 11  16  1 11 24 61 3  

Horsley Park 6 8 15  7 15  5 7  36  1 5 20 73   

Drummoyne Oval 

(NSW) 

Observatory Hill  11 17 6 31 34        6 43 51   

Sydney Olympic Park   11 3 9 37 6 3 23 9    3 11 71 14  

GBRA (QLD) Mackay Aerodrome    2 5 8  14 2  7   2 19 79   

Howell Oval 

(NSW) 

Badgery's Creek  14  6 9 6  17   49   6 40 54   

Penrith Lakes  6  1 4 22  7 3 1 46 9  1 18 71 10  

Hurstville Oval 

(NSW) 

Bankstown         6  91 3    97 3  

Sydney Airport         3  91 6    94 6  

Karen Rolton 

Oval (SA) 

West Terrace      1 16   13 1 67 1   1 96 3  

Adelaide Airport      13   8  63 16    84 16  

Optus Stadium 

(WA) 

Perth Airport   7   17 44   24   8   24 68 8 

Perth Metro  1 17   44 34   4     1 61 38  

Riverway Stadium 

(QLD) 

Townsville Aero        3   97     100   

Mt Stuart           10    3 97   

SCG (NSW) 
Observatory Hill   31 2 2 2 38   5 3   2 2 54 43  

Sydney Airport   7    93         7 93  

Spotless Stadium 

(NSW) 

Bankstown    21 14   43   21   21 57 21   

Sydney Olympic Park        21 7  64 7   21 71 7  

University of 

Sydney Oval 

(NSW) 

Sydney Airport  5 2   23  2 3  48     97 3  

Observatory Hill  2 2 6  26  2 3  23   6 22 72   

Canterbury   18   28 2  2  49 2   6 94   

Tragear Park 

(NT) 
Alice Springs Airport 

        8  92     100   

WACA (WA) 
Perth Airport           89 10 1   89 10 1 

Perth Metro    7 6   15 1 1 67 3  7 21 68 4  
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Where: AB Field is Allan Border Field, GBRA is Great Barrier Reef Arena, SCG is Sydney Cricket Ground, and WACA is Western Australia Cricket 

Ground. -3, -2, -1 represent the BoM underestimating the HSRI by 1-3 categories, and +1 and +2 represent the BoM overestimating the CA HSRI by 1-2 

categories. The 0 columns represent the categorical agreement between EMU and BoM measures of heat stress risk. Note that some rows may not add to 

100% due to rounding. New South Wales = NSW, Northern Territory = NT, South Australia = SA, Western Australia = WA, Queensland = QLD, WACA = 

Western Australia Cricket Association, SCG = Sydney Cricket Ground. 
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Figure 1. Schematic of approximate data collection locations across Australia. 1 = Sydney, 

NSW, 2 = Mackay, QLD, 3 = Perth, WA, 4 = Alice Springs, NT, 5 = Brisbane, QLD 6 =. 

Adelaide, SA, 7 = Townsville, QLD. 
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Figure 2. Schematic of EMU locations on the playing surface. One EMU was located behind 

the wickets area, and the second was placed inside from the boundary rope. Note – image is 

not to scale.  
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Figure 3. A summary of the environmental conditions encountered across all venues over all 

days. Top left – playing surface HSRI versus BoM site HSRI comparison. Top right– playing 

surface versus BoM station Ta comparison, bottom left – playing surface versus BoM site WS 

comparison, bottom right – playing surface versus BoM site RH comparison. Each hexbin 

and the corresponding colour code on the colour bar represents the total count of 10 minutes 

of data, where the darker the colour, the more data that falls within the hexbin. 
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Figure 4. Mean HSRI and environmental conditions across all Major and Minor stadia. First 

row – time series average of the HSRI for Major and Minor Stadia. Second row – time series 

average of dry-bulb temperature for Major and Minor stadia. Third row – time series average 

of relative humidity for Major and Minor Stadia. Fourth row - time series average of air 

velocity for Major and Minor Stadia. Data are 10-min averages and are expressed in the 

figures as mean and 95% confidence intervals.  
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Figure 5. BoM accuracy scores for Major and Minor stadia. Left – the percentage of time spent when playing surface (EMU) categories agree 

with BoM sites, 0 = categorical agreement regardless of HSRI category. For example, if the EMU reports a 7 and the BOM reports a 6 then the 

categories agree, however, if the EMU reports a 5 and the BoM reports a 3 then the categories are mismatched by -1 and the BoM is 

underpredicting the heat stress experienced on field. HSRI category thresholds are: low risk = 0.0-3.9, moderate risk = 4.0-7.9, high risk = 8.0-

9.9 and extreme risk is ≥10. Right – accuracy (%) of nearest BoM sites for Major and Minor stadia. Top right – accuracy (%) of nearest BoM 

site, plotted by the distance, for Major and Minor venues. 
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Supplementary individual figures. The following figures are a summary of the 

environmental conditions encountered across each venue over all days. Top left – playing 

surface HSRI versus BoM site HSRI comparison. Top right– playing surface versus BoM 

station Ta comparison, bottom left – playing surface versus BoM site WS comparison, bottom 

right – playing surface versus BoM site RH comparison. Each dot and the corresponding 

colour code represents the day and BoM site which data were compared to and is an average 

of 10 minutes of data. 
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Bridging Statement 

 

 
The first experimental chapter assessed the local thermal environment in which 

competitive sports are played within major and minor sporting venues across Australia. By 

doing so, it demonstrated the importance of local environmental monitoring in outdoor 

sports, given the significant differences in the local thermal environment within our cities and 

at Major and Minor sporting venues across Australia. This evidence is important for 

developing and implementing future extreme heat policies across many outdoor sports. 

Ensuring that the environmental conditions used within any heat stress risk assessment are 

accurate and readily available to support staff will ensure that the appropriate decision on 

when and whether to continue competition in the face of extreme heat, can be made 

accurately and with confidence. 

The next two experimental chapters in this thesis focus on the individual factors that 

heat balance while exercising in an outdoor heat stress context. Heat balance modelling is an 

important step in the development of appropriate biophysical models for heat stress risk 

assessments that are embedded within extreme heat policies. Without a detailed, contextual 

understanding of the factors that affect heat balance in specific scenarios, such as while 

playing Cricket, or participating in Road Cycling, large errors in these biophysical models 

may be present and result in an undue risk of heat stress or being overly cautious when play 

or the race could safely begin or continue. The next experimental chapter will evaluate the 

best available methods for estimating human heat balance while participating in outdoor road 

cycling to help inform future extreme heat policy development and facilitate the maintenance 

of safe participation in sport under high heat stress conditions. 
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4.0 Abstract  

Purpose: The evaporative requirement for heat balance (Ereq) is closely associated with 

whole-body sweat rate (WBSR) in indoor, laboratory-based environments. We aimed to 

assess 1) the association between Ereq (W) and WBSR (L∙h-1) during outdoor cycling and how 

this association changes when using different methods for estimating metabolic rate (Ṁ), 

mean skin temperature (Tsk) and the convective heat transfer coefficient (hc) as inputs into the 

Ereq model; and 2) the agreement between estimated power output from the Strava physical 

activity social media application and how the association between Ereq and WBSR changes 

when using estimated external workload over measured external workload. 

Methods: 59 participants (16 women); cycled at a self-selected intensity (external workload: 

81-331 Watts) in a range of environmental conditions (Tdb; 12.4-30.4 ºC, Pa; 0.7-2.23 kPa, Tr; 

13.6-72.8 ºC, Wind Velocity; 0.34-2.90 m·s-1) for ~60 minutes at Centennial Park in Sydney, 

Australia on up to 9 occasions in a randomised order, totalling 236 trials. 

Results: Across a large range of Ereq (284-889 W) and WBSR values (0.28-2.31, Lh-1) the 

strongest association between Ereq and WBSR in an outdoor environment (R2=0.72) was 

lower than previously reported indoors (R2>0.90). Using Strava’s external workload estimate 

tended to underestimate external workload (-14 W [-67-40]) and further weakened the 

association between Ereq and WBSR (R2=0.65). 

Conclusion: Our findings indicate that in an outdoor environment, the strength of association 

between Ereq and WBSR is weaker than indoors. Standard equations for estimating dry heat 

exchange in a highly convective outdoor environment are likely limited. The calculation of 

Ereq outside the laboratory requires the development of appropriate calculations for metabolic 

rate (particularly at higher metabolic rates (>750 W), and dry heat exchange (mean skin 

temperature, and the convective heat transfer coefficient) in high airflow environments. 

Keywords: Thermoregulation, Heat Balance, Outdoor Cycling, Whole-Body Sweat Rate.  
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4.1 Introduction 

Since the 1930s, it has been known that the evaporative requirement for heat balance 

(Ereq) determines whole-body sweat rate (WBSR) in controlled laboratory settings (Nielsen, 

1938). The robust associations (R2>0.8-0.9) between Ereq and WBSR in well-controlled 

indoor environments have been consistently documented in laboratory-based research 

(Gagnon, Jay & Kenny, 2013; Cramer & Jay, 2019; Hospers et al., 2020). Indoor models that 

characterise the relation between Ereq and WBSR show a high correlation across multiple 

physical activity modalities including walking (Hospers et al., 2020) and cycling (Gagnon et 

al., 2013) and that Ereq closely determines WBSR independent of differences in metabolic 

heat production (Hprod), esophageal temperature (Tes), mean skin temperature (Tsk) (Hospers 

et al., 2020) and the environmental conditions (Ravanelli, Imbeault & Jay, 2020). However, 

the translation of these findings to outdoor settings poses challenges due to the limitations 

associated with measuring specific components of the Ereq model, such as mean skin 

temperature (Tsk, ºC), metabolic rate (M, Watts), and increased variability in environmental 

conditions (e.g. dry-bulb temperature [Tdb], mean radiant temperature [Tr], relative air 

velocity [vself] (i.e., cycling speed), and ambient vapour pressure [Pa]). Defining the relation 

between Ereq and WBSR in an outdoor environment would facilitate the translation of the Ereq 

model to outdoor sporting, physical activity, and occupational settings, aiding thermo-

physiological modelling and heat safety policy development.  

During steady-state exercise, such as cycling, humans secrete sweat to facilitate 

evaporative heat loss, prevent excessive core temperature elevations, and maintain core 

temperature homeostasis. In the absence of adequate fluid replacement, dehydration ensues, 

leading to negative effects on health and performance, such as increased thermal and 

cardiovascular strain and diminished performance (Sawka et al., 1985; Watanabe et al., 

2020). Previous investigations into the association between Ereq and WBSR have primarily 
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occurred in situations where the variables required to calculate Ereq are readily available (skin 

temperature, metabolic rate, environmental conditions) and where there is low variability in 

environmental conditions (e.g., turbulent air flow, ambient temperatures). However, 

recreational cycling can commonly elicit much higher steady-state metabolic heat 

productions ranging from 500-1,200W and race in dynamic scenarios where environmental 

conditions, cycling velocities, natural air velocities, metabolic rates and even the airflows 

experienced by each rider within the peloton due to drafting are in flux. For instance, a well-

trained recreational cyclist (at ~70 kg) can readily achieve external workloads of ~300W for 

extended durations (15-30 minutes), while elite cyclists can sustain workloads of ~420W 

(Muriel et al., 2022) at the same durations. For the recreational cyclist, assuming a 20% gross 

mechanical efficiency (ɳ), this equates to a metabolic energy expenditure (M) of 1500W [Eq. 

8], resulting in 1200W of metabolic heat production (Hprod = M – Wk, [Eq. 9]) (Cramer & 

Jay, 2019). Importantly, at times when metabolic heat production is high, Ereq can approach 

and surpass the maximum ambient potential for evaporation (Emax), even in temperate 

environments, thereby reducing sweating efficiency (Vogt et al., 1981) and leading to 

uncompensable environmental conditions (Ereq > Emax), resulting in rapid rises in body core 

temperature and without adequate hydration, marked levels of dehydration which further 

aggravates rises in body temperature and reductions in performance (Cheuvront, 2010). 

However, road cycling at high air velocities (> 4 m·s-1) results in a cascade of increased 

convective and evaporative heat exchange, particularly as latent heat is liberated through the 

phase change of water to gas from the skin at the onset of sweating, from evaporation and 

natural convection (Parsons, 2003; Oliveira et al., 2014) which allows for sustained high 

metabolic rates without extreme rises in core temperature. 

In recent years, there has been an influx of cycling power meters entering the market. 

This has allowed for the reliable and accurate measurement of external workload (Dickinson 
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& Wright, 2021), which has led to a proliferation of external work data for researchers and 

recreational athletes alike, which has typically been restricted to the laboratory. The release 

of estimated outdoor power output for cycling activities from Strava (a popular physical 

activity social media platform) (Strava, 2023) means even wider access to potentially useful 

power output data for field-based research. The maturation and proliferation of tools for 

measuring (power meters) and predicting (software) external workload may facilitate 

accurate and accessible estimates of Hprod in outdoor environments. In combination with 

metabolic prediction equations (Liguori et al., 2022) accurate and accessible methods for 

determining Hprod, may allow the quantification of Ereq in dynamic, outdoor environments.  

The current study aimed to assess our ability to estimate Ereq accurately and how it may 

change the relation between Ereq and WBSR during outdoor cycling and further determine the 

optimal methods for calculating Ereq using different methods for estimating metabolic energy 

expenditure, the convective heat transfer coefficient, and skin temperature. Secondly, we 

aimed to assess the agreement between estimated external workload (Strava) and measured 

external workload (Garmin) while cycling outdoors and how the use of estimated external 

workload affects the relation between Ereq and WBSR using the best available method for 

calculating Ereq. 

We hypothesised that (1) Ereq would remain a strong predictor of WBSR in an outdoor 

environment, however, the strength of the relation would be lower in an outdoor 

environment, compared to previous indoor laboratory-based studies because of reduced 

ability to accurately characterise convection, skin temperature and metabolic rate, and (2) 

using a software-based estimate of external workload (Strava) compared with measured 

external workload (Garmin) would reduce the relation between Ereq and WBSR. 
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4.2 Methods 

Experimental design 

 All data were collected at a reasonably flat (19 m elevation gain per lap), outdoor 

cycling circuit (3.72 km) at Centennial Parklands in Sydney, Australia (Latitude: 33°53'59"S, 

Longitude: 151°14'01"E) across warm months (November-April), between November 2020 

and December 2023. The range of environmental conditions experienced are presented in 

Table 1. Participants completed as few as 1 trial and as many as 10 trials. The number of 

trials participants were required to complete was not standardised to allow for recruiting the 

largest possible range of participants. Requiring participants on sign up to complete  

minimum number of trials would have reduced the number of individuals we recruited due to 

availability. The exercise intensity was self-selected by each participant for every visit to 

acquire a large range of intensities. To enable the collection of a range of exercise intensities, 

we guided participants to complete the sessions at varying intensities for each visit (easy ride 

[55-65% of functional threshold power (FTP)], moderate ride [65-75% of FTP], and hard 

ride, [75%+ of FTP]). Participants were instructed to maintain a constant effort throughout 

the ~60-minute ride and to keep their external workload as consistent as possible throughout. 

Participants  

Approval for the study was obtained from the Human Research Ethics Committee 

(HREC no. 2020/736). A total of 59 participants (16 females) were recruited (Table 1) 

completed 236 trials. All participants met the predetermined eligibility criteria: 18-40 years 

of age (inclusive), regularly participated in outdoor road cycling (≥ 2 times per week for at 

least 6 months prior to participating), owned their equipment (road bike, shoes, helmet and 

clothing etc). Participants acclimatisation status may have changed across the data collection 

period (spring and autumn in Sydney, Australia (November-April)) due to the potential for 

seasonal acclimatisation (Brown et al., 2022), however, all participants were considered to be 
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trained but not acclimatised or acclimated, as no individuals participated in any dedicated 

acclimation or acclimatisation protocols throughout their study participation. All participants 

were non-smokers and were free from respiratory, metabolic, and cardiovascular diseases. 

All participants were instructed to abstain from consuming caffeine in any form (liquid or 

solid), or alcohol, and from engaging in strenuous physical activity for 24 hours prior to 

participating (Hunt et al., 2021) and were instructed to keep their bike set-up (e.g. saddle 

height etc) consistent between trials.  

 

Protocol  

Experimental sessions: Participants were asked to consume a light meal and 500 mL 

of water ~2 hours prior to arriving at Centennial Park for the experimental trials. On arrival at 

the park, participants entered the portable change room and were provided with a Polar H10 

chest strap. Nude baseline body mass measurements were taken in triplicate inside the 

portable changing room immediately before the commencement of the trial. Participants’ 

bikes were then fitted with a set of cycling power meter pedals to quantify external workload. 

All clothing and/or equipment that could absorb sweat (helmet, clip-in shoes, socks, bibs and 

jersey [with the addition of a sports bra for women]) was weighed pre- and post-exercise to 

record sweat losses trapped within. Participant clothing thermal insulation (Icl), evaporative 

resistance of clothing (Re,cl), and clothing area (fcl) for the cycling ensemble were estimated to 

be 0.3 [0.31 for women] [clo], 0.0107 [m2·kPa/W], and 1.119 [n.d.] respectively 

(McCullough, Jones & Huck, 1985; Gonzalez, 2019; Smallcombe et al., 2021). 

Participants then cycled for ~60 minutes on their road bike around the continuous 

cycling-friendly loop at an exercise intensity of their choosing (187 [80-331] W) (see 

protocol for further details). Participants were free to return after 56 minutes due to the 

circular cycling track. Participants were also instructed to continue cycling at their pace until 
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they returned to the data collection location after at least 56 minutes (each lap of the circuit 

takes approximately 5-7 minutes). Participant clothing was not standardised between 

participants; however, individuals were asked to wear typical summer cycling clothing 

(cycling jersey, bibs and socks) and completed all subsequent trials in the same clothing. 

Upon completion of the exercise, participants entered the portable change room to measure 

body mass in triplicate and clothing/equipment mass. Participants towelled off any 

unevaporated sweat with a microfibre towel before being weighed in triplicate again inside 

the portable change room. Upon exiting the changeroom participants were asked for a 

subjective rating for a session Rating of Perceived Exertion (RPE) on a scale from 0-10 and 

subjective estimates of environmental conditions (see subjective measures). Throughout each 

session, participants were not able to consume food or water and they were instructed to not 

draft other cyclists, vehicles or anything that could obstruct airflow in front of them. 

 

Measurements 

Power output: External workload (Watts) while cycling was determined via two 

methods. The first, using cycling power meter pedals (Garmin Vector 3s or Garmin Rally 

RS200, Garmin, USA - reported error ±2%, ±1% respectively) fixed to participants' bikes and 

the second using an estimation of external workload from a popular physical activity social 

media platform (Strava, San Francisco, USA). Garmin power pedals were set up on 

participant bikes according to the manufacturer's instructions. Briefly, the set-up process 

involved setting the crank length (from 165-177.5mm) and performing a standard calibration 

using either a cycling computer (Garmin Edge 530, Garmin, USA) or a smartphone (iPhone 

12, Cupertino, USA) with the Garmin Connect App (Garmin, 2021). The power pedals were 

kept in a location where they were out of the sun so they would be equilibrated to the 

appropriate environmental conditions and were calibrated before each test as the power 
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output reading is affected by dry-bulb temperature (Garmin, 2023). Strava’s underlying 

algorithm for estimating external workload (“power estimator”) is proprietary, however, they 

detail the following requirements to provide an external workload for an activity. 1) A bike 

profile that includes bike type (road, mountain, triathlon/time-trial) and bike weight (kg) 2) 

rider weight (including equipment such as clothing, water, and equipment) and 3) elevation 

data from an in-device barometric altimeter or GPS data such as Strava’s base map (Strava, 

2023). To capture an appropriate power output estimate for each test in the Strava 

application, 1) a standardised bike type was selected (e.g., road bike), which included the 

bike weight of 10 kg (inclusive of equipment weight; helmet, shoes, jersey, etc.) and 2) 

participants' body mass (kg, as measured on site before exercise for each visit) and 3) 

accurate GPS data from an iPhone 12 which served as the data recording device using the 

Strava and Cyclemeter (Abvio, San Francisco, USA) applications. This phone was then 

placed in the participant's jersey pocket to continuously record data as the trial started. The 

phone recorded cycling speed, distance, time, measured power output, and cadence using the 

Cyclemeter application in 1-sec intervals. Data were then exported and saved as a .csv file for 

later processing. The estimated external workload given by Strava’s estimator was calculated 

by Strava and then recorded at the end of the activity.  

Dry heat exchange and the evaporative requirements for heat balance (Ereq) were 

estimated using partitional calorimetry from (Cramer & Jay, 2019) and adjusted for our 

purposes (see calculations). Body surface area (BSA) was determined using the DuBois & 

DuBois method (Du Bois & DuBois, 1916).  

Whole body sweat loss: Nude body mass measurements were taken in triplicate 

immediately pre- and post-exercise using a portable platform scale (KW-4050 Industrial 

Platform Scale: High Precision, Weigh, Australia ± 5 g). Whole-body sweat loss (WBSL, kg) 

was defined as the change () in nude body mass measured pre- and post-exercise minus 
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estimated respiratory and metabolic mass losses (Cheuvront & Kenefick, 2017). Whole-body 

sweat rate (L.h-1) was then calculated as:  

𝑊𝐵𝑆𝑅 =  (
𝑊𝐵𝑆𝐿

𝑡
) · 60         [L.h-1] [1] 

Where: t is the exercise duration (minutes).  

Environmental conditions: Outdoor environmental conditions were measured on-site 

using a custom environmental monitoring unit (EMU) built and extensively tested by 

engineers at The University of Sydney to meet the specifications outlined by the International 

Organisation for Standardization (ISO) 7726 (ISO 7726, 2001). Data for shaded aspirated dry 

bulb temperature (Tdb, °C), air velocity (ν, m·s-1), black globe temperature (Tg, ºC) relative 

humidity (RH, %) were recorded in 5-second intervals and averaged over 1-min and then 

averaged across each trial’s total length. The aspirated dry-bulb and aspirated wet-bulb 

temperature thermometers used were a perforated and an immersion type 50 mm Class A 

platinum resistance thermometer, respectively (Temperature Controls, Sefton, NSW, 

Australia). The aspirated wet-bulb thermometer was draped in a cotton shroud connected to a 

reservoir of distilled water that kept the thermometer and cotton shroud fully saturated 

throughout data collection. The thermometers for Tdb and Twb were continuously aspirated at 

~3.0 m·s-1 with a 40 mm by 40 mm x 20 mm Sunon fan (Sunonwealth Electric Machine 

Industry Company Ltd., Kaohsiung City, Taiwan). Black globe temperature (Tg) was 

measured with an immersion type 100 mm Class A platinum resistance thermometer 

(Temperature Controls, Sefton, NSW, Australia) inserted in a 150 mm copper globe painted 

matt black. Wind velocity was measured with a Windsonic ultrasonic Anemometer (Gill 

Instruments Ltd., Lymington, Hampshire, UK), with the following specifications, range: 0.0 

to 60 m·s-1, accuracy of ± 2% at 12 m·s-1, resolution: 0.1 m·s-1 and response time: 0.01 m·s-

1). The EMU was mounted to a Rollei tripod (Digitec Audio, Zurich, Switzerland) at a height 

of 1.2 m and was placed in position at least 30 minutes before the start of data collection to 
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equilibrate to the environment. Mean radiant temperature (Tr, ºC) was calculated with Eq. 1 

(ISO, 7726, 1998) and RH was calculated with psychrometric equations using Ta and 

aspirated wet-bulb temperature (Twb, ºC) with equation [2]. 

 𝑇𝑟 =  [(𝑇𝑔 + 273.15)
4

+
(1.1  108  𝑣0.6)

ε  𝑑0.4 (𝑇𝑔 − 𝑇𝑎)]
0.25

− 273.15                    [ºC] [2] 

Where ν is air velocity in m·s-1, ε is the emissivity of the black copper globe, assumed 

to be 0.97 (Parsons, 2003), and d is the diameter of the globe in meters (0.15 m).  

Relative humidity was calculated using psychrometry with Tdb and Twb with the following 

equation:  

RH = 
100[EXP[1.8096 + (

17.2694𝑇𝑤𝑏
237.3+𝑇𝑤𝑏

)] – 7.866 × 10−4𝑃(𝑇𝑑𝑏−𝑇𝑤𝑏)(1+ 
𝑇𝑤𝑏
610

)]

EXP [1.8096+[(
17.2694𝑇𝑑𝑏

237.3+𝑑𝑏
) ]

                          [%] [3] 

Where: RH is relative humidity (%); Tdb is aspirated dry-bulb temperature (°C); Twb is 

aspirated wet bulb temperature (°C); EXP is the exponent; P is Station level pressure (hPa), 

assumed to be 998.3 hPa from the standard table of pressures (Abbott & Tabony, 1985). Data 

were collected in full sun, where only cloud cover (when present) provided shade, viewed 

with Grafana (Grafana Labs, New York City, NY, USA) and downloaded as required for 

analysis. 

 

Calculations 

The rate of heat storage was assumed to be zero (S = 0), as a steady state was assumed 

for all the heat transfer variables. Ereq is therefore given by the following conceptual human 

heat balance equation (in Watts, W): 

E𝑟𝑒𝑞  =  𝐻𝑝𝑟𝑜𝑑  – (± C ±  K ±  R)– (± C𝑟𝑒𝑠  ±  E𝑟𝑒𝑠)          [W] [4] 

Where: metabolic heat production (Hprod) is equal to M-Wk, which is given by 

subtracting external work (Wk) from metabolic energy expenditure (M), and dry heat 

exchange (convection (C), conduction (K), and radiation (R)) from the skin surface and heat 
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exchange avenues from the respiratory tract (through convection [Cres] and evaporation 

[Eres]). During outdoor cycling, there are 3 parts of the body (which make up a small 

proportion of the body's total BSA) in contact with external surfaces (on the saddle, feet in 

shoes and hands on the handlebars). The minor contact and heat transfer with these solid 

surfaces is further insulated by the bibs short’s chamois, socks and bar tape and is therefore 

considered to be negligible and would be consistent across and between participants. 

Therefore, dry heat loss is assumed to be equal to the sum of convection and radiation 

(Cramer & Jay, 2019).  

The Ereq model is a biophysical calculation which requires inputs of metabolic heat 

production (Hprod), and dry heat loss through convection and radiation. Accurate calculation 

of the Ereq model outside the laboratory is challenged by increased measurement uncertainty 

(e.g., metabolic rate, mean skin temperature) and uncontrolled or environmental conditions. 

These components of Ereq can typically be measured via established methods within a 

laboratory via indirect calorimetry, mean skin temperature, and an empirically derived 

convective heat transfer coefficient for the human body. We have attempted to overcome 

those challenges by selecting and comparing three available methods each for estimating 

metabolic rate from external workload, mean skin temperature (ºC), and the convective heat 

transfer coefficient (hc). 

Three methods for estimating metabolic energy expenditure rate from external 

workload were used. The first estimate of metabolic energy expenditure (Macsm): assumes 

rates of oxygen consumption calculated using the ACSM recommended prediction equation 

for oxygen consumption curing cycle exercise [3] (Liguori et al., 2022) then converted to an 

estimated metabolic energy expenditure using Eq. 4 assuming a metabolic energy equivalent 

(MEE) of 20.7 for low-moderate intensity sessions (session RPE <4) and 21.1 for high 
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intensity sessions (session RPE >4) (in kj·LO2
-1) (Peronnet & Massicotte, 1991): Oxygen 

consumption is given by: 

V̇O2 = [
(10.8  Wk)

𝑚𝑏
] +  7                             [mL·kg-1·min-1] [5] 

Where: V̇O2 is the rate of oxygen consumption (mL·kg-1·min-1), Wk is external 

workload and mb is total body mass (kg). Metabolic energy expenditure (Macsm) is then given 

by: 

𝑀𝑎𝑐𝑠𝑚 =  
(V̇O2  𝑚𝑏)∙ MEE ∙ 1000

60
                         [W] [6] 

Where: V̇O2 is the rate of oxygen consumption (mL·kg-1·min-1), mb is total body mass 

(kg) and MEE is the relevant metabolic energy equivalent for each session, given above (e.g., 

high: 21.1; low: 20.7, kj·LO2
-1). 

The second method (Ṁett) for estimating metabolic rate from external workload used 

external workload and average cycling cadence to estimate metabolic rate based on previous 

data (Ettema & Lorås, 2009) using the following equation: 

Ṁ𝑒𝑡𝑡 = 39.7 + (28.4 𝑓𝑝𝑒𝑑) + (3.73  Wk)                        [W] [7] 

Where: fped is average cycling cadence (revolutions·min-1) and Wk is external 

workload (W). As Strava does not estimate cycling cadence, for Strava estimated metabolic 

rate, an assumed cycling cadence was used – 80 revolutions·min-1. 

The third estimate for metabolic energy expenditure (Ṁge) uses previous data to 

estimate gross mechanical efficiency, ɳ, [%] for each trial using a second-order polynomial 

[Eq. 8] created from previous work that has described a relation between Wk and ɳ (Moseley 

et al., 2004).  

ɳ =
−0.0001∙Wk2 + 0.0579∙Wk + 11.605 

100
               [%] [8] 

Where: Wk is external workload (W) and ɳ is gross mechanical efficiency (%). 

Therefore, Mge is given by: 
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𝑀𝑔𝑒 =  
𝑊𝑘

ɳ
                           [W] [9] 

Convective and radiative heat exchange at the skin surface was estimated with 

equations 10 and 11 respectively (Parsons, 2003):  

𝐶 =  ℎ𝑐 · 𝑓𝑐𝑙 · (𝑇𝑠𝑘– 𝑇𝑑𝑏)                [W·m-2] [10] 

𝑅 =  ℎ𝑟 · 𝑓𝑐𝑙 · (𝑇𝑠𝑘– 𝑇𝑑𝑏)                [W·m-2] [11] 

Where: Tdb is dry-bulb temperature (in ˚C); hc is the convective heat transfer 

coefficient; hr is the radiative heat transfer coefficient and fcl is clothing area factor. The 

radiative heat transfer coefficient (hr) is given by (Parsons, 2014): 

ℎ𝑟 =  4 ∙ ε ∙ σ ∙ 𝑓𝑒𝑓𝑓 ∙ [273.15 +
𝑇𝑠𝑘+𝑇𝑟

2
]

3
                      [W·m-2·K] [12] 

Where: ε is the emissivity of clothed human (assumed to be 0.97), σ is the Stefan-

Boltzmann constant (5.67  10-8 W/m-2·K-4), feff is effective radiation area factor (assumed to 

be 0.7 for cycling), Tsk is estimated using equations [Tsk1, Tsk2, Tsk3]; Tr was calculated using 

Eq. 2 from measured black globe temperature (Tg, ºC) and wind velocity (v, m·s-1) data by 

the on-site EMU. 

Most methods for estimating the convective heat transfer coefficient have been 

derived for use indoors with minimal clothing and low forced convection except for Lotens 

and Havenith (1991) who describe the first method (hc1) as potentially appropriate for high 

air velocities (0-10 m·s-1) (Lotens & Havenith, 1991). 

ℎ𝑐1 =  8.3 · (0.07 +  0.0043 · 𝑓𝑝𝑒𝑑 + 𝑣𝑠𝑒𝑙𝑓)
0.86

      [W·m-2·˚C-1] [13] 

Where: fped is average cycling cadence (revolutions·min-1) and vself is cycling velocity 

(m·s-1). The second and third methods for estimating hc were developed for individuals seated 

indoors (Hardy, Du Bois & Soderstrom, 1938) or cycling indoors (Nishi & Gagge, 1970; 

Gagge & Gonzalez, 2010) in low-moderate airflows (0.2-4.0 m·s-1). These methods are given 

by equations [14] and [15]. 
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ℎ𝑐2 =  8.3 · (𝑣𝑠𝑒𝑙𝑓)
0.86

         [W·m-2·˚C-1] [14] 

ℎ𝑐3 =  5.5 + 1.96 · (𝑣𝑠𝑒𝑙𝑓)
0.86

        [W·m-2·˚C-1] [15] 

Where: vself is self-generated air velocity (i.e., average cycling velocity) in m·s-1. Self-

generated air velocity has been solely used here rather than a combination of self-generated 

air velocity and natural wind velocity as participants cycled around the Centennial Park 

circuit, which results in a net zero effect of natural wind velocity, assuming consistent air 

velocities throughout each lap. 

Mean skin temperature was estimated using three methods: Tsk1 (Mehnert et al., 

2000), Tsk2 (ISO, 7933, 2004) and Tsk3 (Brown & Gillespie, 1986; Vanos et al., 2012): 

T𝑠𝑘1 = 12.17 + 0.02T𝑎 + 0.044T𝑟– 0.253𝑣𝑠𝑒𝑙𝑓 + 0.194P𝑎 + 0.0029M + 0.51346𝑇𝑐𝑒𝑞
 [˚C] 

[16] 

The ISO standard (7933) gives two equations for scenarios where clothing is > 0.6 clo 

(Tsk1, Eq. 16), and < 0.2 clo (Tsk_nu, Eq. 17). For situations where clothing falls between 0.2-

0.6 clo, the equation Tsk2 is given which is a combination of Tsk1 and Tsk_nu. 

T𝑠𝑘_𝑛𝑢 = 7.19 + 0.064T𝑎 + 0.061T𝑟 – 0.348𝑣𝑠𝑒𝑙𝑓 + 0.198P𝑎 + 0.616𝑇𝑐𝑒𝑞
      [˚C] [17] 

T𝑠𝑘2 = T𝑠𝑘_𝑛𝑢 + 2.5 (T𝑠𝑘_1 − T𝑠𝑘_𝑛𝑢) × (𝐼𝑐𝑙 − 0.2)             [˚C] [18] 

T𝑠𝑘3 = (
𝑇𝑐𝑒𝑞− T𝑑𝑏

𝑟𝑡 +𝑟𝑐+𝑟𝑎
) (𝑟𝑎 + 𝑟𝑐) + 𝑇𝑑𝑏                 [˚C] [19] 

Where: Tdb is dry bulb temperature (in ˚C), Tr is mean radiant temperature (in ˚C), Pa 

is absolute humidity (in kPa); Ṁ is metabolic rate from the respective estimates [Ṁacsm, Ṁett, 

Ṁge] (in W), and 𝑇𝑐𝑒𝑞
 is steady state body core temperature [estimated with Eq. 19]. Tissue 

(rt), dynamic clothing (rc) and aerodynamic (ra) resistances (s·m−1) were calculated according 

to Brown and Gillespie (1986) (Brown & Gillespie, 1986). Icl is the insulative resistance of 

the clothing ensemble given in clo. Clo is an arbitrary unit of clothing insulation (1 clo = 
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186.6, s·m−1 = 0.1555 m2·°C−1·W−1). Steady state body core temperature (𝑇𝑐𝑒𝑞
) was estimated 

using Eq. 19 (Malchaire et al., 2000). 

𝑇𝑐𝑒𝑞
= 36.6 + 0.002 ∙ 𝑀            [˚C] [19] 

Body tissue thermal resistance (rt) decreases with metabolic rate (W·m-2) and was 

calculated as (Brown & Gillespie, 1986):  

𝑟𝑡 = (−0.1 Ṁ) + 65                 [W·m-2] [20] 

Static and dynamic clothing thermal resistance (rco, rc) were calculated respectively as 

(Brown & Gillespie, 1986): 

𝑟𝑐𝑜 = 𝑐𝑙𝑜 ×  186.6 1                           [s·m-1] [21] 

𝑟𝑐 = 𝑟𝑐𝑜  × (−0.37 (1 − 𝑒𝑥𝑝
−𝑣𝑠𝑒𝑙𝑓

0.72 ) + 1)                [s·m-1] [22] 

Boundary layer thermal resistance (ra) was calculated as (Brown & Gillespie, 1986): 

𝑟𝑎 =
(0.17)

(𝐴𝑅𝑒𝑛𝑃𝑟0.33𝑘)
                           [s·m-1] [23] 

Where: Re is the Reynolds number (
0.17𝑣𝑠𝑒𝑙𝑓

𝑣
), where 𝑣𝑠𝑒𝑙𝑓  is free stream air velocity 

(cycling velocity, m·s-1), v is the kinematic viscosity of air (~1.5  10-5 m-2·s-1). A and n are 

empirical constants. When Re is > 40,000, A=0.0266, n=0.805 (Kreith & Black, 1980). In our 

case the Re number always exceeds 40,000. Pr is the Prandtl number assumed to be 0.7296 

(Kreith & Black, 1980), k is the thermal diffusivity of air assumed to be 2.14  10-5 m2·s-1 at 

25 °C (Y. S. Touloukian, 1970). 

Respiratory heat loss (Hres) was calculated by combining estimated respiratory heat 

loss via convection (Cres) and evaporation (Eres) from the respiratory tract (Parsons, 2003):  

𝐶𝑟𝑒𝑠 = 0.001516 ∙ Ṁ(28.56 + 0.641 · P𝑎 − 0.641 · T𝑑𝑏)                 [W] [24] 

𝐸𝑟𝑒𝑠 = 0.00127 ∙ Ṁ(59.34 + 0.53 · T𝑑𝑏 − 11.63 −  𝑃𝑎)                 [W] [25] 

𝐻𝑟𝑒𝑠 = 𝐶𝑟𝑒𝑠  + 𝐸𝑟𝑒𝑠                          [W] [26] 
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  Where: Ṁ is metabolic rate [W], Tdb is the temperature of the inspired air [ºC], 

assumed to be equal to the dry-bulb temperature, and Pa is the ambient vapour pressure [kPa].  

Finally, a method to estimate Ereq described first by Givoni and Goldman (1972) and 

then by utilised in one of the first sweat rate prediction models by Shapiro et al. (1982) was 

used to further examine the association between Ereq and WBSR. This method is given by 

(Givoni & Goldman, 1972):  

𝐸𝑟𝑒𝑞_𝑔𝑖𝑣𝑜𝑛𝑖 = 𝐻𝑝𝑟𝑜𝑑 + (
11.6

𝐼𝑐𝑙
) ×  (𝑇𝑑𝑏  − 36)        [W] [27] 

Where: Tdb is dry-bulb temperature (in ˚C), Hprod is metabolic heat production (in W) 

and Icl is the insulative resistance of the clothing ensemble (in clo). 

Subjective measures: After completing the exercise and exiting the portable change 

room for the second time, participants were asked about their session Rating of Perceived 

Exertion (RPE) on a 0-10 scale (Foster et al, 2001; Fusco et al., 2019). 

 

Statistical Analyses 

Data were assessed for normality using the Shapiro Wilk normality test and were 

assumed normal when p ≥ 0.05, with visual inspections of the q-q plots of the residuals and 

histograms to confirm normality or otherwise. A series of simple linear regressions were used 

for each method used to calculate Ereq vs WBSR. To assess the association between Ereq and 

WBSR, the Pearson correlation coefficient (r) was used and to assess the goodness of fit 

relative to the line of identity (i.e., y=x), the coefficient of determination (R2) was used. The 

Breusch-Pagan test was used to assess the heteroskedasticity of residuals for independent 

variables for the highest performing model of Ereq. This data set includes up to 9 trials per 

participant, however, trials were conducted on different days with different environmental 

conditions, and external workloads and as such were considered as independent data points 

with our analyses. A Durbin-Watson test was employed to assess autocorrelation. With a 
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result of 1.8, it was assumed there were no issues of autocorrelation. Bland–Altman plots 

were used to assess the accuracy of the Strava method for estimating external workload by 

calculating mean bias and limits of agreement (Bland & Altman, 2007). All analyses were 

performed with Python using the PyCharm IDE (version 2023.2.3) and the following 

packages Seaborn (https://seaborn.pydata.org/index.html), Scipy (https://scipy.org/), 

Matplotlib (https://matplotlib.org/), Pandas (https://pypi.org/project/haversine/), Numpy 

(https://numpy.org/), Statsmodels (https://www.statsmodels.org/), and Scikit-learn 

(https://scikit-learn.org/stable/) (Pedregosa et al., 2011). 

  

https://seaborn.pydata.org/index.html
https://scipy.org/
https://matplotlib.org/
https://pandas.pydata.org/
https://numpy.org/
https://numpy.org/
https://www.statsmodels.org/
https://scikit-learn.org/stable/
https://scikit-learn.org/stable/
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4.3 Results 

Table 1 provides descriptive information regarding the physical characteristics of the 

participants. Collectively, 236 trials were conducted for an average trial duration of 61.5 ± 

2.4 minutes with an average external workload of 199 ± 45W (2.50 ± 0.56Wkg-1) and 

cadence of 82 ± 9 revolutionsmin-1 for men and external workload of 157 ± 31W (2.43 ± 

0.45 Wkg-1) and cadence of 77 ± 9 revolutionsmin-1 for women. Participants self-selected 

more high intensity trials compared with low-moderate intensity trials (144H vs 92L-M) 

(Table 1).  

Table 2 contains descriptive data for dependent (WBSR, Lh-1) and independent variables. 

Across all trials, the range of combined exercise intensity and environmental conditions 

resulted in a wide range of Ereq [284-889W] and WBSR values [0.28-2.31 Lh-1]. Predicted 

mean skin temperatures for each prediction method were, Tsk1 34.6 ± 0.8 [32.7-36.1 ºC], Tsk2 

33.2 ± 0.9 [31.0-34.7 ºC], Tsk3 34.8 ± 1.3 [30.7-38.5 ºC]. Body mass loss as a percentage 

across all trials was 1.50 ± 0.51 [0.44-3.60%].  

Simple linear regression analyses  

The highest association between Ereq and WBSR was observed using the Ṁacsm, 

method for estimating metabolic rate (R2 > 0.71; r > 0.84; p < 0.01, Fig. 1). All methods for 

estimating mean skin temperature and the convective heat transfer coefficient resulted in 

similar explained variance and association (Figures 1, 2 and 3). The lowest associations 

between Ereq and WBSR were observed using Ṁge (R2 = 0.67-0.68; r = 0.82-0.83; p < 0.01, 

Fig. 3). Subsequent analysis for heteroscedasticity on the residuals for the highest performing 

Ereq model (Ṁacsm, hc2, Tsk3) revealed that the variability in the residuals is not consistent for 

external workload (p < 0.001). As absolute external workload increases, the variability in the 

residuals increases both in the positive and negative direction (Fig. 6D). However, residual 
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variability for the environmental variables [Tdb, Tr] was consistent across the range of 

environmental conditions (Fig. 6A-C, p > 0.05). 

The variance in WBSR was significantly associated with external workload, with over 

half of the variance in WBSR described by external workload alone (R2 = 0.53; p < 0.01, Fig. 

4A). Using external workload data to estimate Hprod (using Macsm, see Eq. 5) only explained 

an additional 1% of variance compared to external workload alone (R2 = 0.53; p < 0.01, (Fig. 

4E). Tdb described 14% of the variance in WBSR (R2 = 0.14; p < 0.01), while Tr described 

marginally less variance (12%) in WBSR compared to Tdb (R2 = 0.11; p < 0.01). Increases in 

ambient vapour pressure had no impact on WBSR (R2 = 0.01, r=0.10, p>0.05, Fig. 4F) 

Cycling velocity described 29% of the variance in WBSR (R2 = 0.31; p < 0.01, Fig. 4G). 

Cycling velocity was strongly correlated with external workload (r=0.72, p < 0.01). When 

deriving an estimated Ereq with the Givoni and Goldman (1972) equation which uses only 

three input variables: Hprod, clo, and Tdb (see methods: calculations), we observed an 

explained variance in WBSR by Ereq of 72% (R2 = 0.72; r=0.85, p < 0.001, Fig. 4H). 

Estimated or measured external workload 

The external workload estimates from Strava associated highly with measured external 

workloads measured from Garmin power meter pedals (R2 = 0.87; r=0.80; p < 0.01, Fig. 5A). 

A Bland-Altman analysis revealed that the estimated external workload from Strava tended to 

underestimate measured external workload (mean bias: -14W, LOA [-67 to 40], Fig. 5B). 

Using estimated external workload from Strava rather than measured external workload as an 

input to calculate Ereq reduced the association between Ereq and WBSR (R2 = 0.66; r=0.81; p < 

0.01, Fig. 5C). Expressing Ereq relative to body surface area (W·m-2) rather than in absolute 

terms (W), reduced the explained variability in WBSR by Ereq (R2 = 0.57; r=0.76; p < 0.01, 

Fig. 5D). 
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4.4 Discussion 

The main finding of this study was that the evaporative requirement for heat balance 

(Ereq) was strongly associated (peak R2=0.72, peak r=0.85, Fig 1 A, C-H) with whole-body 

sweat rate (WBSR) during outdoor recreational road cycling. Notably, this association, 

though robust, exhibited a lower peak R² compared with previous observations in controlled 

laboratory environments (up to R²=0.93) (Gagnon et al., 2013). Although the outdoor 

association of Ereq and WBSR was lower than indoors, changing the way metabolic heat 

production impacted this association the most (compared with changes to skin temperature 

and the convective heat transfer coefficients). The reduced association was more pronounced 

when employing estimated external workload data from Strava to the Ereq model (R2=0.65), 

as opposed to measured external workload data from Garmin power meter pedals (Fig. 5C). 

The reduced association when using estimated external workload to estimate Hprod could be 

explained by compounded error in the metabolic rate calculation for the purposes of 

calculating Ereq. These findings build upon earlier laboratory studies (Gagnon et al., 2013; 

Cramer & Jay, 2015; Hospers et al., 2020) which supports the notion that Ereq predominantly 

determines WBSR during steady-state exercise and suggests that the Ereq model can be 

applied in high airflow outdoor environments such as middle-long distance triathlon and road 

cycling. 

The lower explained variance in our study (~73%) is due to increased measurement error 

in the field (i.e., measurements of external workload), and the reliance on prediction 

equations for key input variables into the Ereq model. For example, estimating metabolic rate 

from external workload includes inherent measurement uncertainty with commercial power 

meters (e.g., ± 1-2% error) and then translating that external workload to metabolic rate 

without knowing mechanical efficiency then relies on impersonal prediction equations. Mean 

skin temperature must also be estimated rather than measured and finally ,there is uncertainty 
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around how natural convection and turbulent air flows affect the convective heat transfer 

coefficient and the follow-on effects on dry and evaporative heat exchange. Previous 

laboratory-based research has observed high associations between Ereq and WBSR during rest 

and steady-state exercise at low-moderate metabolic heat productions (200-500W), inside a 

calorimeter with high airflow and by design, complete sweat evaporation (100% sweating 

efficiency) (Gagnon et al., 2013). Gagnon and colleagues (2013) observed that as Hprod 

increased at a given air temperature (30 ºC), the variance in WBSR explained by Ereq, 

reduced (from ~97% at 500W [Hprod] to ~82% at 200W [Hprod]). In our data (Fig. 6D) it 

appears that the absolute variability increases beyond external workload data > 250W, 

however, this could be explained by amplified measurement error from the Garmin power 

pedals as absolute external workloads increase (reported accuracy is ± 1-2% for the Vector 3s 

and RS200, respectively). Therefore, as absolute external workload increases, measurement 

errors may occur with a greater magnitude, which is then amplified by any error in the 

metabolic rate prediction equation. Subsequent analysis of the residuals for the highest 

performing Ereq model aligns with this theory, whereby the residual variability for external 

workload increased with higher absolute external workloads (Fig 6D), but not for any 

environmental variables (Tdb, Tr, Pa, Fig. 6A-C). Indicating that the main source of error in 

the model used to Ereq is likely a result of measurement error at a higher absolute workload, 

amplified by subsequent metabolic rate estimations.  

We observed differences in the explained variance in WBSR by Ereq when moving from 

Ṁacsm (Liguori et al., 2022), to Ṁett (Ettema & Lorås, 2009) to Mge (Moseley et al., 2004) 

(highest R2: 0.72, 0.69, 0.67, lowest R2: 0.71, 0.68, 0.65 respectively). The higher explained 

variance with Ṁacsm is observed despite the use of the equation outside its recommended 

parameters (i.e., external work > 200W (Liguori et al., 2022)) for 84 trials. Given the high 

correlation of estimated Hprod and external workload with WBSR (r=0.74, 0.73 respectively) 
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(Fig. 5 A, E), estimating metabolic rate from external workload is crucial to the calculation 

of Ereq in an outdoor environment, when gas exchange data is unavailable. The main driver 

for metabolic rate is oxygen consumption whereby the final rate is augmented by the fuel 

used during oxidative phosphorylation (typically carbohydrates and fats) to produce ATP 

(i.e., respiratory exchange ratio [RER]). Assuming a modest steady-state oxygen 

consumption of 2.0 L O2min-1 and an RER of 1, the resultant metabolic rate is 604W, yet 

with an RER of 0.85 (50:50 carbohydrates:fats ratio) at the same 1.5 L O2min-1 the resultant 

metabolic rate is 579 (-25W difference) (Cramer & Jay, 2019). Predicting metabolic rate 

from only external workload data is therefore problematic, however, the quality of the 

prediction may be improved with an assessment or estimation of the individual’s 

physiological state (i.e., RER or %V̇O2max) or mechanical efficiency. Additionally, since O2 

consumption primarily occurs in skeletal muscle mass and not fat mass, using the Ṁacsm 

method, absolute O2 consumption and therefore metabolic heat production may be over and 

underestimated for individuals with above and below-average body fat percentages, 

respectively. 

Current methods for estimating mean skin temperature (Mehnert et al., 2000; Vanos 

et al., 2012; ISO, 7933, 2004) were developed predominantly inside laboratories (i.e., 

walking or running on a treadmill, cycling on an ergometer with air velocities between 0.1-

2.2 (ms-1) via forced convection [e.g., fans]), across comparatively low metabolic rates (102-

620W versus our observed rates 468-1481W, Table 2) and low (≤0.2, clo) or moderate-high 

clothing (0.6-1.0, clo). One more recent study observed individuals in an outdoor 

environment (while cycling on a stationary ergometer) in cool to temperate conditions (8.9-

24.4 ºC) with regular athletic clothing (cotton t-shirt, athletic shorts and shoes) and natural 

airflow (1.9-2.8 ms-1) (Vanos et al., 2012). How well these indoor models, which have been 

validated on low ambient/forced wind velocity data, translate to scenarios with much higher 
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self-generated convection is uncertain. In our data, we observed no real influence of the 

method used to estimate mean skin temperature [Tsk1, Tsk2, Tsk3] on explained variance in 

WBSR by Ereq: (highest R2: 0.72, 0.72, 0.72, lowest R2: 0.65, 0.66, 0.66 respectively, Fig. 1-

3). Given the significant effect of airflow on skin temperature (from increased convection and 

the cooling effect of the evaporation of sweat from the skin surface (Parsons, 2014)) current 

available models may be limited in these high airflow environments. In low airflow 

environments, the impact of differences in skin temperature on convective and radiative heat 

exchange are relatively minimal (compared to metabolic heat production and the evaporative 

heat loss). However, in a high airflow environment such as cycling, small differences in skin 

temperature could inflate differences in Ereq. For example, a difference between skin and the 

air of 2 ºC would result in a difference in dry heat loss of 44 W at 9 ms-1 but at 0.5 ms-1 

would result in a difference in dry heat loss of 9 W would be observed (when using hc2). 

Another significant challenge when evaluating skin temperature prediction models is access 

to invasive data required as an input (namely core body temperature) and indeed a true 

metabolic rate value in an environment outside the laboratory, without gas exchange 

measures. 

Much of the existing literature on the hc at high air velocities (>4.0 ms-1) is limited to 

computational fluid dynamics modelling (CFD) (Defraeye et al., 2011), however recent work 

has observed the hc through CFD analysis and validation studies in wind tunnels (Li & Ito, 

2014; Xu et al., 2021b, a). According to seminal work that first evaluated hc, it appears the 

relationship between air velocity and hc follows a logarithmic curve, where between 0-2 ms-1 

(Nishi & Gagge, 1970) for every unit increase in air velocity, there is a sharp increase in hc. 

Beyond ~2 ms-1 however, the rise in hc for every unit of air velocity increase reduces 

according to Nishi& Gagge (1970). In our results, the method for estimating hc had little 

effect on the explained variance in WBSR by Ereq (the largest difference in explained 
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variance was 2% across hc methods, Fig. 1-3). Prior research in high airflow environments 

(including cycling position-specific work) indicates that the hc1 method may be the most 

applicable method for estimating hc in high airflow scenarios (Defraeye et al., 2011; Li & Ito, 

2014). In the context of our data, it is unclear which method for estimating hc is the most 

appropriate, as the explained variance between each method was 0-2%, however, hc2 and hc3 

were on average the highest performing methods across metabolic rate and mean skin 

temperature estimates (Fig. 1-3). Therefore, in these data we may be overestimating the skin-

to-air temperature gradient, where the convective heat transfer coefficients with the lower 

estimated values (hc2 and hc3) then compensate for the overestimated mean skin temperature, 

resulting in higher explained variance in WBSR with hc2 and hc3 than the theoretically more 

appropriate convective heat transfer coefficient (hc1). 

Perspectives 

Our study and associated findings are strengthened by the range of combined 

environmental conditions and metabolic rates achieved throughout data collection, resulting 

in a wide range of Ereq [289-889W] and WBSR [0.28-2.31 Lh-1] values (Table 2). However, 

undescribed variability in WBSR remains in our data, which may be partially explained by 

our use of estimation models outside the original model domain (e.g., higher self-generated 

air velocity associated with outdoor cycling than mean skin temperature, convective heat 

transfer models, and higher external workloads >200W). However, observing the strength of 

the relation between Ereq and WBSR in a challenging outdoor environment, with natural 

fluctuations in exercise intensity and environmental conditions should be considered an 

important step in validating the Ereq model for use during outdoor cycling and other high 

airflow scenarios. Translating this modelling into real-world practice to inform hydration 

strategies requires the implementing this type of model into integrated technology like 

Garmin devices where data such as power, height, weight and environmental conditions can 
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be measured to estimate Ereq. Any of these implementations must then be tested with rigour to 

inform real-world practice. 

Limitations 

Our study would have been strengthened with indirect calorimetry measures to 

confirm metabolic rate rather than relying on prediction equations using external workload 

data. However, we sought to estimate Ereq with the freely accessible equipment in a field 

setting. Future work may be necessary to further improve metabolic rate estimations while 

cycling at high external workloads where sweat losses will be higher. Despite having no 

confirmatory gas exchange data, the current study shows that Ereq explains a high amount of 

variance in WBSR in an outdoor environment, even when using estimated metabolic heat 

production, and mean skin temperature data. We relied on prediction equations for measures 

of mean skin temperature that are used here at much higher air velocities than experienced 

during the development of the original skin temperature models. Therefore, the skin 

temperature values predicted by each of the models could be higher than those experienced 

by the participants in this study, particularly at lower dry-bulb temperatures and higher 

cycling velocities. We assumed wind speed and direction was the same within each trial and 

thus the relative contribution of ambient wind speed was zero. With real time, on bike wind 

speed and direction sensors which are coming on to the market now, these assumptions could 

be improved in future work. Our participants were not able to consume fluid throughout this 

study, and as such experienced a range of levels of dehydration from 0.44 - 3.60% of body 

mass loss. As such, they experienced different levels of dehydration which could have 

affected their cycling efficiency and resulted in errors in metabolic rate estimates. Future 

work should consider providing individualised fluid intakes to account for differing rates of 

fluid loss between individuals and trials during similar studies.  

Future research 
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Future research should focus on refining current or developing new methods for 

calculating or predicting metabolic rate, mean skin temperature and the convective heat 

transfer coefficient in an outdoor, high airflow environment. Measures of skin temperature 

could be utilised to examine the factors that influence skin temperature during outdoor road 

cycling and address the gap in current skin temperature prediction equations. The apparent 

lack of metabolic rate estimation models at high external workloads and cadences for 

recreational-elite cyclists calls for further research to establish such appropriate models. 

Furthermore, riding in the pro peloton results in marked reductions in relative wind velocity 

but also metabolic rate due to the significantly reduced aerodynamic drag compared to riding 

solo at equivalent ground speeds. Further research should be conducted into how well this 

type of modelling works in the pro peloton under different riding conditions. 

Conclusion 

 In this study, we investigated the association between the evaporative requirement for 

heat balance and whole-body sweat rate during quasi-steady-state outdoor road cycling. We 

observed that Ereq remained highly associated with WBSR in an outdoor environment, despite 

estimating key variables for calculating the Ereq model. We observed the highest explained 

variance in WBSR by Ereq when calculating Ereq with Ṁacsm, Tsk3, and hc3, however, 

differences between the methods used to predict mean skin temperature and convective heat 

transfer coefficient were marginal. Using estimated external workload data (from Strava) to 

calculate metabolic rate and subsequently Ereq, explained a reduced but still moderate amount 

of variability in WBSR. Current prediction models for estimating mean skin temperature and 

the convective heat transfer coefficient should be improved by evaluating them in high 

airflow specific research. 
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Table 1. Descriptive information (mean, standard deviation and range) during outdoor cycling. 
           

Group n Age, y Height, cm Body mass, kg AD, m2 Trial 

intensity, AU 

External 

workload, W 

“best effort”  

Session RPE for 

each “best 

effort”, AU  

Session 

RPE (0 to 

10) 

Men 43 29 ± 4 

[19-39] 

181.9 ± 7.6 

[165.2-196.4] 

80.25 ± 9.69 

[61.07-103.36] 

2.01 ± 0.14 

[1.71-2.31] 

100H, 68L-M 233 ± 37 

[158-331] 

7.0 ± 2.1 [2-10] 5.3 ± 2.7 

[2-10] 

Women 16 29 ± 4 

[25-39] 

171.5 ± 6.1 

[162.3-182.9] 

64.93 ± 7.5 

[53.14-83.97] 

1.76 ± 0.12 

[1.58-2.04] 

44H, 24L-M 173 ± 34 

[124-254] 

5.6 ± 2.3 [1-9] 5.1 ± 2.3 

[1-9] 

All 59 29 ± 4 

[19-39] 

178.9 ± 8.6 

[162.3-196.4] 

75.83 ± 11.45 

[53.14-103.36] 

1.94 ± 0.18 

[1.58-2.31] 

144H, 92L-M 217 ± 45 

[124-331] 

6.6 ± 2.2 [5-10] 5.2 ± 2.6 

[1-10] 

Where: AD, is body surface area, RPE is Rating of Perceived Exertion, best effort refers to each participant’s highest average external workload 

achieved across all trials, and H=high, L-M=low-moderate intensity. Mean ± SD [Range]  
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Table 2: Descriptive data for dependent and independent variables from 236 trials.  
       

Group Tdb, ºC Pa, kPa Tr, ºC v, m·s-1  Ṁacsm, W Ereq, W Duration, 

min 

WBSR, 

Lh-1 

External 

workload, 

W, Garmin 

External 

workload, 

W, Strava 

Men 23.4 ±3.8 

[12.4-30.4] 

1.54 ± 0.32 

[0.70-2.23] 

47.8 ± 14.7 

[13.6-72.8] 

1.09 ± 0.45 

[0.38-2.90] 

947 ± 183 

[468-1481] 

617 ± 133 

[284-889] 

61.3 ± 2.5 

[43.0-70.0] 

1.09 ± 0.37 

[0.28-2.31] 

199 ± 45 

[81-331] 

186 ± 44 

[94-343] 

Women 24.4 ± 3.2 

[12.5-29.0] 

1.61 ± 0.32 

[0.79-2.17] 

50.4 ± 13.3 

[14.7-71.7] 

1.11 ± 0.49 

[0.34-2.61] 

751 ± 129 

[513-1153] 

499 ± 95 

[284-761] 

61.9 ± 2.1 

[55.4-68.0] 

0.77 ± 0.25 

[0.28-1.49] 

157 ± 31 

[97-254] 

153 ± 25 

[103-212] 

All 23.7 ± 3.6 

[12.4-30.4] 

1.56 ± 0.32 

[0.70-2.23] 

48.5 ± 13.6 

[13.6-72.8] 

1.09 ± 0.46 

[0.34-2.90] 

890 ± 191 

[468-1481] 

583 ± 134 

[284-889] 

61.5 ± 2.4 

[43.0-70.0] 

1.00 ± 0.37 

[0.28-2.31] 

187 ± 46 

[81-331] 

177 ± 42 

[94-343] 

Where, WBSR, whole-body sweat rate; Tdb, dry-bulb temperature, Pa, ambient vapour pressure, Tr mean radiant temperature, v, wind velocity, 

Ṁacsm, estimated metabolic rate, and Ereq, rate of evaporation required for heat balance – best case (using Ṁacsm, Tsk3, hc2). Fewer trials with 

Strava estimated external workload data available were conducted: Men: n=125, Women: n=48, All: n=173. Mean ± SD [Range]. 

 

 



Ereq and WBSR during outdoor cycling 

 

 36 

Figure 1. A series of simple linear regressions of whole-body sweat rate (WBSR) described 

by the required rate of evaporation to attain heat balance (Ereq) which has been calculated 

using three methods of estimating mean skin temperature (Tsk) and three methods of 

estimating the convective heat transfer coefficient (hc) (see methods: calculations), n = 236, 

*p < 0.001. 
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Figure 2. A series of simple linear regressions of whole-body sweat rate (WBSR) described 

by the required rate of evaporation to attain heat balance (Ereq) where metabolic energy 

expenditure has been calculated using Ṁett for all plots, dry heat loss (C + R) has been 

calculated with three methods of estimating mean skin temperature (Tsk) and three methods of 

estimating the convective heat transfer coefficient (hc) (see methods: calculations) resulting 

in the 9 plots, n = 236, *p < 0.001. 
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Figure 3. A series of simple linear regressions of whole-body sweat rate (WBSR) described 

by the required rate of evaporation to attain heat balance (Ereq) where metabolic energy 

expenditure has been calculated using Ṁge for all plots, dry heat loss (C + R) has been 

calculated with three methods of estimating mean skin temperature (Tsk) and three methods of 

estimating the convective heat transfer coefficient (hc) (see methods: calculations) resulting in 

the 9 plots, n = 236, *p < 0.001. 
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Figure 4. A series of simple linear regressions of whole-body sweat rate (WBSR) described by external workload (W), dry-bulb temperature 

[Tdb] (ºC), ambient vapour pressure [Pa] (kPa), cycling velocity [vself] (m·s-1), mean radiant temperature [Tr] (ºC), metabolic heat production 

[Hprod] (W), and the evaporative requirement for heat balance [Ereq] (W) calculated with the best method of estimating Ereq calculated with Ṁacsm, 

Tsk3 and hc2 and an additional calculation of Ereq_givoni+goldman (see methods: calculations), n=236, *p < 0.001. 
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Figure 5A: scatter plot comparison of measured external workload (via Garmin power 

pedals) versus estimated external workload (via the Strava power estimator). B: Bland 

Altmann analysis of the mean difference of estimated vs measured external work. C and D: 

simple linear regressions of whole-body sweat rate (WBSR) described by the evaporative 

requirement for heat balance (Ereq, W and Ereq, Wm-2 respectively) - calculated with 

estimated power - using the best method for calculating Ereq (Ṁacsm for metabolic rate, Tsk2 for 

mean skin temperature and hc2), n=173, *p < 0.001. 
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Figure 6. Residual plots for the regression plotted with Ereq as the predictor of WBSR for 

input variables [Tdb: A: Pa: B, Tr: C, external workload: D] into the Ereq model to assess 

heteroskedasticity of residuals. n=236, * denotes p < 0.05. 
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5.0 Abstract 

Purpose: Mean skin temperature (Tsk) is critical to human heat balance models as the skin-to-

air temperature gradient, coupled with the convective heat transfer coefficient, dictates dry heat 

exchange with the environment. Current models for estimating skin temperature have mostly 

been developed for use in laboratory environments, with low to moderate metabolic heat 

productions (100-620 W), low airflow (< 4.0 m·s-1) and across a range of clothing levels (0.1-

1.5 clo). We aimed to 1) assess the agreement of available skin temperature models (Tsk_mehnert 

Tsk_ISO Tsk_COMFA) with empirical data, and 2) develop a new model for estimating mean skin 

temperature during outdoor cycling. 

Methods: 23 participants (7 women); cycled at a self-selected intensity (External Workload: 

118-267 W) in a range of environmental conditions (Tdb; 21.1-30.3 ºC, Pa; 0.96-1.82 kPa, Tr; 

23.3-72.1 ºC, Wind Velocity; 0.5-2.9 m·s-1) for ~60 minutes outdoors at Centennial Park in 

Sydney, Australia on average for 2 [range:1 to 9] occasions, to a total of 51 trials. Data were 

randomly allocated into separate modelling and validation groups. 

Results: All available skin temperature prediction models overestimated Tsk when compared 

with measured Tsk (Mean differences and 95% CI: Tsk_mehnert: + 3.3 ºC [3.1, 3.4],Tsk_ISO: + 1.5 

ºC [1.3, 1.7], Tsk_COMFA: + 3.3 ºC [3.1, 3.5]). The agreement between available estimation 

methods and measured Tsk reduced with lowering dry-bulb temperature. The following 

expression was obtained: Tsk_pred = 16.6585 + 0.4235·Tdb + 1.1449·Pa + 0.007·Hprod. Our skin 

temperature prediction method resulted in an RMSE of ± 0.94 ºC in the validation group and a 

mean difference of -0.03 ºC and 95% CI [-1.9, 1.9 ºC] which results in a mean underprediction 

of fluid losses compared to measured Tsk of -74 (g.h-1). 

Conclusion: This study observed that the currently available methods for predicting skin 

temperature during activities with high air velocities during outdoor cycling exercise 

overestimated mean skin temperature. Here, we report a newly developed skin temperature 
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prediction equation, which is specific to high airflow physical activity, such as road cycling 

that demonstrated a higher agreement to measured mean skin temperature data and more 

accurately predicted estimated fluid losses.  

Keywords: Mean Skin Temperature, Heat Balance, Road Cycling, Fluid Requirements, 

Biophysical Modelling. 
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5.1 Introduction 

Outdoor road cycling can be a physically demanding outdoor activity that places a 

significant burden on the thermoregulatory system due to the internal metabolic heat 

generated. A considerable amount of metabolic heat can be produced by recreational and top-

performing World Tour male (~4.0-6.6 W·kg-1) and female (~3.0-4.6 W·kg-1) athletes for 

extended durations (~20 minutes) (Menaspà et al., 2017; VAN Erp et al., 2020; Gallo et al., 

2022). Assuming a 21% gross mechanical efficiency, at 5.5 W·kg-1 of external work would 

result in a metabolic heat production (Hprod) of ~1448 W. Such high rates of metabolic heat 

production while cycling must be offset primarily via convective and evaporative heat 

exchange pathways, which are driven by skin-to-air thermal and vapour pressure gradients 

and their respective convective, radiative, and evaporative heat transfer coefficients (hc, hr, 

he) (Parsons, 2014). Physiological modification of Tsk and saturated vapour pressure at the 

skin surface (Psk, sat) occurs through thermoeffector responses (e.g., increases in skin blood 

flow and the onset of sweating) (Gagge & Gonzalez, 2010). When Tsk is above the operative 

temperature (To), convective and radiative (dry) heat loss to the environment occurs, and as 

Tsk approaches To more metabolic heat must be lost via sweat evaporation until all heat must 

be lost via evaporation, as To exceeds Tsk. To is a mathematical average of the surrounding 

mean radiant temperature (Tr) and dry-bulb temperature (Tdb) which is weighted by their 

convective and radiative heat transfer coefficients (Parsons, 2003). Thus, mean skin 

temperature during recreational road cycling influences dry and evaporative heat exchange 

and, is crucial to the precise estimation of heat strain and fluid requirements, particularly 

while exposed to warm environmental conditions and/or high rates of metabolic heat 

production. 

Existing models for the prediction of mean skin temperature (Tsk) (Mehnert et al., 2000; 

Vanos et al., 2012; ISO, 7933, 2004) have proposed both regression and empirical models 
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using available personal and environmental factors (dry-bulb temperature, metabolic rate, 

clothing, ambient vapour pressure, body core temperature, and local environmental wind 

speed). Currently, available prediction equations for mean skin temperature yield good results 

in both indoor laboratory (Mehnert et al., 2000; ISO, 7933, 2004) and outdoor environments 

(although on stationary ergometers) (Vanos et al., 2012) as they have been validated for use 

in environments with a wide range of ambient humidities (0.2-5.3, kPa) and mean radiant 

temperatures (up to 145 ºC). Early models for the prediction of mean skin temperature in 

warm and hot environments (Mairiaux, Malchaire & Candas, 1987; Mehnert et al., 2000) 

include a range of metabolic rates and thermal environmental conditions, however, lacked 

high metabolic rates (>620 W) and air velocities (>2.0 m·s-1) which can be readily achieved 

by recreational and World Tour level male and female cyclists (Thompson et al., 1997; 

Clarry, Faghih Imani & Miller, 2019; VAN Erp et al., 2020; Sanders & van Erp, 2021; Sitko, 

Cirer-Sastre & López-Laval, 2022). With outdoor cycling presenting much higher ambient air 

velocities it is likely that current skin temperature prediction models may not adequately 

account for the high rates of convection that are present at high air speeds. Predicting mean 

skin temperature using these models outside their validated conditions may lead to 

inaccuracies, particularly in the context of outdoor road cycling as the conditions (namely 

wind velocity and metabolic rate) can be so different. 

Therefore, we aimed to 1) examine the agreement between available skin temperature 

models with measured mean skin temperature data during outdoor road cycling, and 2) 

develop a new model for estimating mean skin temperature across a range of high airflow, 

high metabolic rate and temperate-warm outdoor environmental conditions. 

We hypothesised that (1) current prediction methods would overestimate mean skin 

temperature given the high front-facing self-generated air velocities which increase 

convection and evaporation at the skin surface and (2) the new model developed on outdoor 
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cycling data will perform better than previous low airflow skin temperature estimation 

models. 
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5.2 Methods 

Experimental design 

 All data were collected at a ~flat (19m elevation gain per lap), outdoor circuit (3.72 

km) at Centennial Parklands in Sydney, Australia (Latitude: 33°53'59"S, Longitude: 

151°14'01"E) across the warmer months (November-April), between November 2022 and 

January 2024. The range of environmental conditions experienced is presented in Table 1. 

Exercise intensity was self-selected by each participant for every visit to observe a range of 

metabolic heat productions. To enable the collection of a range of exercise intensities we 

guided participants to complete each session at varying intensities for each visit with the 

following descriptors (e.g., easy ride [55-65% of functional threshold power (FTP)], 

moderate ride [65-75% of FTP], and hard ride, [75%+ of FTP]). As performance (power 

output) was not an outcome variable for this study, we only required a range of power outputs 

across a range of absolute and relative intensities to develop and test any models.  

Participants were instructed to maintain a steady-state cycling effort throughout the ~60-

minute ride and to keep their external workload as consistent as possible throughout. 

Participants  

Approval for the study was obtained from the Human Research Ethics Committee 

(HREC no. 2020/736), and each participant was provided with complete information about 

the study before completing a health screen and informed consent form. A total of 23 

participants (7 females) were recruited. The descriptive characteristics of the participants are 

in Table 1. All participants met the predetermined eligibility criteria: 18-40 years of age 

(inclusive), regularly participated in outdoor road cycling (≥ 2 times per week for at least 6 

months before participating), owned their equipment (road bike, shoes, helmet, and clothing 

etc). All participants were not current smokers and were free from respiratory, metabolic, and 

cardiovascular diseases. Participants’ acclimatisation status may have changed across the data 
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collection period due to the potential for seasonal acclimatisation (Brown et al., 2022), 

however, all participants were trained but not acclimatised or acclimated, as no individuals 

participated in any dedicated acclimation or acclimatisation protocols throughout their study 

participation. All participants were instructed to abstain from consuming caffeine in any form 

(liquid or solid) (Hunt et al., 2021), or alcohol, and from engaging in strenuous physical 

activity for 24 hours before participating and were instructed to maintain their position on the 

bike between trials (i.e., not adjust saddle height, fore, aft) which may affect exercise 

efficiency between trials. 

Protocol  

Experimental sessions: Participants were asked to consume a light meal and 500 mL 

of water ~2 hours before arriving at Centennial Park for the experimental trials. On arrival at 

the data collection site, participants’ bikes were fitted with a set of cycling power meter 

pedals to quantify external workload. Additionally, participants were fitted with 8 iButton 

sensors to measure mean skin temperature (see Measurements). Participant clothing thermal 

insulation (Icl), evaporative resistance of clothing (Re,cl), and clothing area (fcl) for the cycling 

ensemble were estimated to be 0.3 [0.31 for women] [clo], 0.0107 [m2·kPa/W], and 1.119 

[n.d.] respectively (McCullough, Jones & Huck, 1985; Gonzalez, 2019; Smallcombe et al., 

2021). The estimation of clothing was standardised across all participants, and it was 

assumed all participants cycling clothing had the same insulative and evaporative properties 

aside from accounting for the addition of a sports bra for women. 

Participants then cycled for ~60 minutes on their road bike around the continuous 

cycling-friendly loop at an exercise intensity of their choosing (mean external workload 193 

± 44 [84-267] W). Participants were also instructed to continue cycling at their steady-state 

pace until they returned to the data collection location after at least 56 minutes (each lap of 

the circuit takes approximately 5-7 minutes). Participant clothing was not standardised 
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between participants; however, individuals were asked to wear typical summer cycling 

clothing (cycling jersey, bibs and socks [with the addition of a sports bra for women]) and 

completed all subsequent trials in the same clothing. Upon returning to the data collection site 

after completing the exercise trial, were asked for a subjective rating for the session Rating of 

Perceived Exertion (RPE) on a scale from 0-10, had the iButtons removed and the power 

meter pedals removed from their bike. Throughout each trial, participants did not consume 

food or water and they were instructed to avoid drafting other cyclists, vehicles or anything 

that could obstruct airflow in front of them. 

Measurements 

Skin temperature: Skin temperature (Tsk) was measured using wireless temperature 

sensors (iButtons DS1921H-F5, Embedded Data Systems, Lawrenceburg, KY, USA) (Smith 

et al., 2009) secured to the skin using surgical tape at 8 sites (ISO, 9886, 2004). Mean skin 

temperature (Tsk) was then estimated using a weighted average at the recorded 8 sites (chest, 

shoulder, thigh, calf, elbow, forehead, hand and upper back) fixed to the left side of the body.  

Dry heat exchange, the evaporative requirements for heat balance (Ereq), the maximum 

evaporative capacity of the environment (Emax), and the rate of sweating to achieve heat 

balance (Sreq) were estimated using partitional calorimetry (Cramer & Jay, 2019) and 

adjusted for our purposes (see calculations). Body surface area (BSA) was determined using 

the DuBois & DuBois method (Du Bois & Du Bois, 1916). 

Power output: External workload (Watts) while cycling was determined using cycling 

power meter pedals (Garmin Rally RS200, Garmin, USA - reported error ±1%) fixed to 

participants' bikes. Garmin power pedals were set up on participant bikes according to the 

manufacturer's instructions. Briefly, the set-up process involved setting the crank length 

(from 165-177.5 mm) and performing a standard calibration using either a cycling computer 

(Edge 530, Garmin, Olathe, USA) or a smartphone (iPhone 12, Apple, Cupertino, USA) with 
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the Garmin Connect App (Garmin, 2021). The power pedals were kept in a location out of 

the sun so they would be equilibrated to the environmental conditions and were calibrated 

before each test as the reported power output is affected by temperature (Garmin, 2023). 

Cycling data were recorded (including GPS data) with an iPhone 12 using the Cyclemeter 

(Abvio, San Francisco, USA) application. This phone was then placed in the participant's 

jersey pocket to continuously record data as the trial started. The phone recorded cycling 

speed, cycling time, cycling distance, and external workload using the Cyclemeter 

application in 1-sec intervals. Data were then exported and saved as a .csv file for later 

processing into 1-min intervals using Python (pandas.resample). 

Environmental conditions: Outdoor environmental conditions were measured on-site 

using a custom environmental monitoring unit (EMU) built and extensively tested by 

engineers at The University of Sydney to meet the specifications outlined by the International 

Organisation for Standardization (ISO 7726, 2001). Data for shaded aspirated dry-bulb 

temperature (Tdb, °C), air velocity (ν, m·s-1), black globe temperature (Tg, ºC) relative 

humidity (RH, %) were recorded in 5-second increments and averaged every 1-min. Finally, 

the data was resampled into 15-minute buckets from minute 15-30, 30-45, and 45-60 to 

obtain three data points per trial. Data from 15-minute onwards was used to allow 

participants to reach a relative steady state with their environment. The Tdb and aspirated wet-

bulb (Tawb) thermometers used were a perforated and an immersion type 50 mm Class A 

platinum resistance thermometer, respectively (Temperature Controls, Sefton, NSW, 

Australia). The Tawb thermometer was draped in a cotton shroud connected to a reservoir of 

distilled water that kept the thermometer and cotton shroud fully saturated throughout data 

collection. The thermometers for Tdb and Tawb were continuously aspirated at ~3.0 m·s-1 with 

a 40 mm by 40 mm x 20 mm Sunon fan (Sunonwealth Electric Machine Industry Company 

Ltd., Kaohsiung City, Taiwan). Black globe temperature (Tg) was measured with an 
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immersion type 100 mm Class A platinum resistance thermometer (Temperature Controls, 

Sefton, NSW, Australia) inserted in a 115 mm copper globe painted matt black. Wind 

velocity was measured with a Windsonic ultrasonic Anemometer (Gill Instruments Ltd., 

Lymington, Hampshire, UK), with the following specifications, range: 0.0 to 60 m·s-1, 

accuracy of ±2 % at 12 m·s-1, resolution: 0.1 m·s-1 and response time: 0.01 m·s-1). The EMU 

was mounted to a Rollei tripod (Digitec Audio, Zurich, Switzerland) at a height of 1.2 m and 

was placed in position at least 30 minutes before the start of data collection to equilibrate to 

the environment. Data were collected in full sun, where only cloud cover (when present) 

provided shade, viewed with Grafana (Grafana Labs, New York City, NY, USA) and 

downloaded as required for analysis. Mean radiant temperature (Tr, ºC) was calculated with 

equation [1] (ISO, 7726, 1998). 

 𝑇𝑟 =  [(𝑇𝑔 + 273.15)
4

+
(1.1  108  𝑣0.6)

ε  𝑑0.4 (𝑇𝑔 − 𝑇𝑎)]
0.25

− 273.15                    [ºC] [1] 

Where ν is air velocity in m·s-1, ε is the emissivity of the black copper globe, assumed to be 

0.97 (Parsons, 2003), Ta is aspirated dry-bulb temperature (°C), Tg is black globe temperature 

(ºC), and d is the diameter of the globe in meters (0.115 m). Relative humidity was calculated 

using psychrometry with Tdb and Twb with the following equation:  

RH = 
100[EXP[1.8096 + (

17.2694𝑇𝑤𝑏
237.3+𝑇𝑤𝑏

)] – 7.866 × 10−4𝑃(𝑇𝑑𝑏−𝑇𝑤𝑏)(1+ 
𝑇𝑤𝑏
610

)]

EXP [1.8096+[(
17.2694𝑇𝑑𝑏
237.3+𝑇𝑑𝑏

) ]
                          [%] [2] 

Where: RH is relative humidity (%); Ta is aspirated dry-bulb temperature (°C); Twb is 

aspirated wet bulb temperature (°C); EXP is the exponent; P is Station level pressure (hPa), 

assumed to be 998.3 hPa, from the standard table of pressures (Abbott & Tabony, 1985).  

Calculations 

Mean skin temperature was estimated using three methods, Tsk_mehnert (Mehnert et al., 

2000), Tsk_ISO  (ISO, 7933, 2004) and Tsk_COMFA (Brown & Gillespie, 1986; Vanos et al., 

2012): 
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T𝑠𝑘_𝑚𝑒𝑛ℎ𝑒𝑟𝑡 = 12.17 + 0.02T𝑎 + 0.044T𝑟– 0.253𝑣𝑠𝑒𝑙𝑓 + 0.194P𝑎 + 0.0029M +

0.51346𝑇𝑐𝑒𝑞
                  [˚C][3] 

The ISO standard (7933) gives an equation for scenarios where clothing is > 0.6 clo 

(Tsk_cl), and < 0.2 clo clothing (Tsk_nu) and a third equation for situations where clothing falls 

between 0.2-0.6 clo. The resultant third equation Tsk_ISO is given which is a combination of 

Tsk_cl and Tsk_nu. Tsk_cl is equal to Tsk_mehnert (ISO, 7933, 2004). 

T𝑠𝑘_𝑛𝑢 = 7.19 + 0.064T𝑎 + 0.061T𝑟 – 0.348𝑣𝑠𝑒𝑙𝑓 + 0.198P𝑎 + 0.616𝑇𝑐𝑒𝑞
        [˚C] [4] 

T𝑠𝑘_𝐼𝑆𝑂 = T𝑠𝑘_𝑛𝑢 + 2.5 (T𝑠𝑘_𝑚𝑒𝑛ℎ𝑒𝑟𝑡 −  T𝑠𝑘_𝑛𝑢)  × (𝐼𝑐𝑙 − 0.2)          [˚C] [5] 

T𝑠𝑘_𝐶𝑂𝑀𝐹𝐴 = (
𝑇𝑐𝑒𝑞− T𝑎

𝑟𝑡 +𝑟𝑐+𝑟𝑎
) (𝑟𝑎 +  𝑟𝑐) + 𝑇𝑎              [˚C] [6] 

Where: Tdb is dry-bulb temperature (in ˚C), Tr is mean radiant temperature (in ˚C), Pa 

is absolute humidity (in kPa); M is metabolic rate (in Wm-2), and 𝑇𝑐𝑒𝑞
 is steady state body 

core temperature [estimated with Eq. 7]. Tissue (rt), clothing (rc) and aerodynamic (ra) 

resistances (s·m−1) were calculated according to Brown and Gillespie (1986) (Brown & 

Gillespie, 1986). Icl is the insulative resistance of the clothing ensemble. Clo is an arbitrary 

unit of clothing insulation (1 clo = 186.6, s·m−1 = 0.1555 m2·°C−1·W−1). 

𝑇𝑐𝑒𝑞
= 36.6 + 0.002 ∙ 𝑀              [˚C] [7] 

Body tissue thermal resistance (rt) decreases with metabolic rate (W·m-2) and was 

calculated as (Brown & Gillespie, 1986):  

𝑟𝑡 = (−0.1 Ṁ) + 65                     [s·m-1] [8] 

Static and dynamic clothing thermal resistance (rco, rc) were calculated respectively as: 

(Brown & Gillespie, 1986) 

 𝑟𝑐𝑜 = 𝑐𝑙𝑜 ×  186.61                  [s·m-1] [9] 

𝑟𝑐 = 𝑟𝑐𝑜  × (−0.37 (1 − 𝑒𝑥𝑝
−𝑣𝑠𝑒𝑙𝑓

0.72 ) + 1)                [s·m-1] [10] 
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 Where: vself is cycling velocity (m·s-1), clo is equal to Icl and 𝑟𝑐𝑜 is static clothing 

thermal resistance given by Eq. 9. 

Boundary layer thermal resistance (ra) was calculated as(Brown & Gillespie, 1986): 

𝑟𝑎 =
(0.17)

(𝐴𝑅𝑒𝑛𝑃𝑟0.33𝑘)
                           [s·m-1] [11] 

Where: Re is the Reynolds number (
0.17𝑣𝑠𝑒𝑙𝑓

𝑣
), where 𝑣𝑠𝑒𝑙𝑓  is free stream air velocity 

(cycling velocity, m·s-1), v is the kinematic viscosity of air (~1.5  10-5 m-2·s-1). A and n are 

empirical constants. In our case, Re always exceeds 40,000. When Re is > 40,000, A=0.0266, 

and n=0.805 (Kreith & Black, 1980). Pr is the Prandtl number assumed to be 0.7296(Kreith 

& Black, 1980), and k is the thermal diffusivity of air assumed to be 2.14  10-5 m2·s-1 at 

25 °C (Y. S. Touloukian, 1970). 

The rate of oxygen consumption (V̇O2) was estimated using the ACSM standard 

equation for during cycle ergometry [Eq. 12] (Liguori et al., 2022). This predicts V̇O2 which 

can be converted to an estimated metabolic energy expenditure using equation [12]. To 

calculate metabolic rate, we assumed a metabolic energy equivalent (MEE) of 20.7 for low-

moderate intensity sessions (session RPE <4) and 21.1 for high-intensity sessions (session 

RPE >4) (in kj·LO2
-1) (Peronnet & Massicotte, 1991): Oxygen consumption (V̇O2) is given 

by: 

V̇O2 = [
(10.8  Wk)

𝑚𝑏
] +  7                           [mL·kg-1·min-1] [12] 

Where: V̇O2 is the rate of oxygen consumption (mL·kg-1·min-1), Wk is external 

workload and mb is total body mass (kg). Metabolic energy expenditure (M) is then given by: 

M =  
(V̇O2  𝑚𝑏)∙ MEE ∙ 1000

60
                       [W] [13] 

Where: V̇O2 is the rate of oxygen consumption (mL·kg-1·min-1), mb is total body mass 

(kg) and MEE is the relevant metabolic energy equivalent given above for each session (e.g., 

high: 21.1; low-moderate: 20.7, kj·LO2
-1). 
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Metabolic heat production (Hprod) is given by: 

H𝑝𝑟𝑜𝑑 =  M − W                        [W] [14] 

Where: M is metabolic energy expenditure in Watts as calculated by Eq. 13, and W is 

external workload given in Watts.  

Convective and radiative heat exchange at the skin surface was estimated with equations 5 

and 16 respectively (Parsons, 2003):  

𝐶 =  ℎ𝑐 · 𝑓𝑐𝑙 · (𝑇𝑠𝑘– 𝑇𝑑𝑏)                [W·m-2] [15] 

𝑅 =  ℎ𝑟 · 𝑓𝑐𝑙 · (𝑇𝑠𝑘– 𝑇𝑟)                [W·m-2] [16] 

Where: Tdb is dry-bulb temperature (in ˚C); hc is the convective heat transfer coefficient; hr is 

the radiative heat transfer coefficient and fcl is clothing area factor. The radiative heat transfer 

coefficient (hr) is given by (Parsons, 2014): 

ℎ𝑟 =  4 ∙ ε ∙ σ ∙ 𝑓𝑒𝑓𝑓 ∙ [273.15 +
𝑇𝑠𝑘+𝑇𝑟

2
]

3
                       [W·m-2·K] [17] 

Where: ε is the emissivity of clothed human (assumed to be 0.97), σ is the Stefan-Boltzmann 

constant (5.67  10-8 W/m-2·K-4), feff is effective radiation area factor (assumed to be 0.7 for 

cycling), Tsk is estimated using measured, and predictive equations [Tsk_mes, Tsk_mehnert, Tsk_ISO, 

Tsk_COMFA and Tsk_pred]; Tr was calculated using equation [2] from measured black globe 

temperature (Tg, ºC) and wind velocity (v, m·s-1) data by the on-site EMU. 

The most appropriate method for estimating the convective heat transfer coefficient is 

given by Lotens and Havenith (1991) who describe the first method as potentially appropriate 

for high air velocities (0-10 m·s-1) (Lotens & Havenith, 1991). 

ℎ𝑐1 =  8.3 · (0.07 +  0.0043 · 𝑓𝑝𝑒𝑑 + 𝑣𝑠𝑒𝑙𝑓)
0.86

      [W·m-2·˚C-1] [18] 

Where: fped is average cycling cadence (revolutions·min-1) and vself is cycling velocity 

(m·s-1). 

Statistical Analyses 
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Data were assessed for normality using the Shapiro-Wilk normality test and were 

assumed normal when p ≥ 0.05, with visual inspections of the q-q plots of the residuals and 

histograms to confirm normality or otherwise. Exploratory data analyses were conducted 

with a series of simple linear regressions were used to assess the association between 

dependent variables and mean skin temperature, the Pearson correlation coefficient (r) was 

also used to assess bivariate relationships and collinearities between variables. A modelling 

and validation group were randomly allocated (but not shuffled) using the test_train_split 

function within Statsmodels and a test group size of 0.40 which resulted in a modelling group 

of 91 and a validation group of 62 data points respectively. A multiple linear regression 

analysis was performed for the development of the model. Data were averaged over three 15-

minute intervals (15-30 minutes, 30-45 minutes and 45-60 minutes) to allow for the steady 

state to be achieved after the outset of exercise from 0-15 minutes. The coefficient of 

determination (R2) mean bias, root mean squared error (RMSE), Lin’s Concordance 

Correlation Coefficient (Lin’s CCC) and mean absolute error (MAE), were used to assess the 

model fit for the skin temperature prediction model. Some participants completed multiple 

trials, on different days, at different exercise intensities and with different environmental 

conditions. All analyses were performed with Python using the Pycharm IDE (version 

2023.3) and the following packages Seaborn (https://seaborn.pydata.org/index.html), Scipy 

(https://scipy.org/), Matplotlib (https://matplotlib.org/), Pandas (https://pandas.pydata.org/), 

Numpy (https://numpy.org/), Statsmodels (https://www.statsmodels.org/stable/index.html), 

and Scikit-learn (https://scikit-learn.org/stable/) (Pedregosa et al., 2011).  

https://seaborn.pydata.org/index.html
https://scipy.org/
https://scipy.org/
https://matplotlib.org/
https://pandas.pydata.org/
https://numpy.org/
https://www.statsmodels.org/stable/index.html
https://scikit-learn.org/stable/
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5.3 Results 

Descriptive characteristics 

Table 1 gives the descriptive features of the participants from the study. This 

population is representative of a wide range of body shapes and sizes however, it is also 

representative of relatively young and regularly recreationally active cyclists. The mean skin 

temperature, cycling speed and metabolic heat production for all trials across are presented 

with cycling distance in Figure 2, which characterises the natural rise and fall in gradient 

across the cycling circuit. Figure 3 shows the distribution and range plotted with mean skin 

temperature for each potential primary variable to determine mean skin temperature. These 

data include a wide range and combination of conditions (20.2-31.1 ºC [Tdb], 16.5-83.3 ºC 

[Tr], and 0.77-1.84 kPa, [Pa]) and metabolic rates (102-946 Wm-2, [Ṁ]) across trials. End 

exercise body mass loss was 1.43 ± 0.37 [0.60-2.15 %] 

Agreement of mean skin temperature estimation models 

The difference in estimated skin temperature between prediction models was small 

(Table 2) however all prediction models overestimated skin temperature compared to 

measured mean skin temperature (Mean differences and 95% CI: Tsk_mehnert: + 3.3 ºC [3.1, 

3.4],Tsk_ISO: + 1.5 ºC [1.3, 1.7], Tsk_COMFA: + 3.3 ºC [3.1, 3.5]) (Fig. 1A). Using the existing 

methods to predict mean skin temperature resulted in an overestimation of the air-to-skin 

temperature gradient and subsequent inflation of dry heat exchange for all skin temperature 

prediction methods (Fig. 1B, Table 2). The differences between predicted and measured 

mean skin temperatures increased with reductions in dry-bulb temperature (Fig. 1C). 

Ultimately, differences of 1-4 ºC between currently available Tsk prediction methods and 

measured Tsk result in an overestimation of dry heat loss and Emax, resulting in meaningful 

underestimations of Sreq (Tsk_mehnert: -272 ± 139, Tsk_ISO: -161 ± 160, Tsk_COMFA: -323 ± 158 

g.h-1) (Table 4).  
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Exploratory data analysis 

Figure 2 plots dependent variables with measured mean skin temperature as 

exploratory analysis to examine the bivariate relations (including frequency and distribution) 

between potential predictor variables and any multi-collinearities between dependent 

variables. Table 2 contains summary results for the bivariate relations between potential 

predictor variables and measured mean skin temperature. Dry-bulb temperature had the 

highest correlation with measured Tsk (r=0.72, p<0.001), followed closest by mean radiant 

temperature (r=0.49, p<0.001) and ambient vapour pressure (r=0.29, p<0.001). Utilising 

mean radiant temperature and dry-bulb temperature in the predictive linear regression is not 

possible due to the high collinearity between variables (r=0.51, p<0.001, Fig.3). Based on the 

exploratory data analysis (Table 2, Fig. 3), the following predictor variables were selected 

(Ta, Hprod, and Pa) which had the strongest correlations with the dependent variable (Tsk) and 

the ones that had the lowest potential issues with collinearity with other variables. For 

example, While Tr has been shown to affect skin temperature at rest, given the high 

convective airflow over the skin and the significant collinearity with dry-bulb temperature 

(r=0.51), Tr was excluded. Similarly, wind velocity or in this case, cycling velocity has been 

shown to reduce Tsk, given the relationship between metabolic heat production and vself 

velocity and the collinearity observed between vself and Hprod, vself was excluded. 

Prediction of mean skin temperature 

The regression coefficients and standard errors from the multiple linear regression on 

the modelling data set (n=91) are found in Table 2. Model performance was assessed on a 

validation data set (n=62) with an RMSE error of ± 0.94 ºC and a Bland-Altman analysis 

revealing no mean bias with a mean difference of -0.03 ºC (Fig. 5B), which is improved 

compared with existing models on the same validation data set (Tsk_mehnert: +3.3 ºC, Tsk_ISO: 

+1.5 ºC, Tsk_COMFA: +3.3 ºC) (Fig. 4A-C).  
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𝑇𝑠𝑘_𝑝𝑟𝑒𝑑 = 16.6585 + 0.4603 ∙ 𝑇𝑑𝑏 + 1.1449 ∙ 𝑃𝑎 + 0.007 ∙ 𝐻𝑝𝑟𝑜𝑑  [Eq. 12] 

Where Tsk_pred is the predicted mean skin temperature in ºC, Tdb is dry-bulb 

temperature in ºC, Hprod is metabolic heat production in W·m-2 and Pa is ambient vapour 

pressure in kPa. 

Table 4 contains descriptive data for outcomes variables in the Sreq model which are 

affected by Tsk. Data other than measured and estimated Tsk are reported as differences 

between predicted and measured Tsk. The differences between estimated dry heat loss (W), 

Ereq (in W) and Sreq (gh-1) between measured Tsk, and the three available prediction models 

[Tsk_mehnert, Tsk_ISO Tsk_COMFA] was reduced with our model [Eq. 12] when predicting Tsk in the 

validation group (Table 4). 
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5.4 Discussion 

The main finding of this study is that existing methods for estimating mean skin 

temperature (Tsk) consistently overestimate mean Tsk during road cycling and thus are 

unsuitable for use in applications where high air velocities frequently occur (via natural air 

movement or self-generated). Our data demonstrate that the currently available Tsk prediction 

models fail to account for the increased convective and evaporative heat transfer during 

outdoor road cycling at recreational speeds (Fig 1A-D). Furthermore, the differences between 

measured and predicted Tsk increased with decreasing dry-bulb temperatures (Fig. 1D), 

indicating that dry-bulb temperature and skin temperature may have a stronger relationship 

than previously established (Mehnert et al., 2000; Vanos et al., 2012), or the relationship may 

be non-linear (as airspeed increases, the rate at which air temperature reduces skin 

temperature in a temperate environment increases). Overpredicting mean skin temperature 

leads to an overestimation of dry heat loss (through estimating a greater skin-air-temperature 

gradient [when To/Tdb is < Tsk]) and the maximum evaporative capacity of the environment 

(Emax). Together, using existing Tsk estimation methods results in a potential underestimation 

of sweat losses compared with measured Tsk (Table 4). The major follow-on impact of 

underestimating fluid losses is notably the risk of dehydration, which has well-described 

negative impacts on health and performance, particularly beyond 2% of body mass loss 

(James et al., 2017) and where the effects of dehydration are usually exacerbated in hot 

conditions (Kenefick et al., 2010). 

The secondary aim of this paper was to detail the development and validation of a novel 

mean skin temperature prediction equation that is suitable for use during recreational road 

cycling and other high air velocity applications in warm environmental conditions with 

moderate to high metabolic rates (i.e., where sweat rates were high, and the prediction of 

sweat rates would therefore be relevant from performance and heat stress risk management 
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perspectives) (Jay, Broderick & Smallcombe, 2021). Our skin temperature prediction model, 

which is specific to road cycling, has improved performance when tested against our 

independent validation group (RMSE ± 0.9 ºC (mean difference and 95% CI: -0.03ºC [-1.4, 

1.4 ºC] [Fig. 5A-B]) and when compared to existing models (Table 5. RMSE ± 3.6 ºC 

(Vanos et al., 2012), ± 3.4 ºC (Mehnert et al., 2000) and 1.8 ºC (ISO, 7933, 2004). 

Skin temperature has consistently been shown to be augmented by metabolic rate in low 

airflow environments (Mairiaux et al., 1987; Mehnert et al., 2000; Vanos et al., 2012), 

however, we did not observe cycling velocity to reduce mean skin temperature which may be 

explained by the interaction of cycling power output which increases metabolic rate (and is 

typically associated with increases in mean skin temperature) and increases to cycling 

velocity which would typically reduce skin temperature due to increased convection. More 

dynamic cycling conditions might be required to elucidate the rise and fall of skin mean skin 

temperature across varying cycling speeds and exercise intensities. One prior study that has 

developed prediction equations for mean skin temperature has collected data with similarly 

high metabolic rates (912 ± 194 W [459-1303]) estimated within this study, however, data 

were collected on stationary ergometers (Vanos et al., 2012) and there was subsequently 

substantially less convective and evaporative cooling (natural wind velocities: 1.9-2.8 m·s-1) 

compared with on the road bikes in this study. We observed a range of mean skin 

temperatures [29.1-34.4 ºC] which represents similar observed skin temperature values to 

Vanos et al (2012), which had dry-bulb temperatures from 8.9-24.4 ºC, which were lower 

than during this study (20.2-31.1 ºC) however, had substantially less convective and 

evaporative cooling over participants due to cycling on stationary ergometers. 

Predicted skin temperatures from our model had a mean bias of -0.03 ºC 95% CI [-1.8, 

1.8 ºC] compared with measured skin temperature (Fig. 5B). This provides acceptable 

agreement when extrapolating this skin temperature prediction model into sweat rate 
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prediction models across extended exercise durations where maintaining a relative state of 

euhydration becomes increasingly important (Von Duvillard et al., 2004; Grego et al., 2005; 

Murray, 2007). Over or under-predicting the skin temperature by large amounts would result 

in unfavourable accuracy over longer exercise durations where over or under-hydration can 

equally lead to undesired outcomes (e.g., hyponatremia and dehydration) (ACSM, 2007; 

James et al., 2017). For example, when using the Tsk_menhert model, a difference of ~3.2 ºC in 

mean Tsk was observed, using the average value to estimate Sreq in those conditions would 

result in an underestimation of the sweat losses by 272 g·h-1 [95%CI: -333 to -97 g·h-1]. For a 

75 kg individual, this would result in a 0.73% error in body mass loss after 2 hours which 

could tip an individual further into dehydration than necessary. Being 0.73% down in body 

mass due to dehydration will not impact performance over 2 hours, however, this level of 

error could mean the differences of exercising at ~1.5% and not having any performance 

impacts, compared with being at ~2.2% have suffering the consequences. These errors would 

only be amplified in events with increasing duration such as Ironman® distance triathlon and 

Ultra-distance running events. 

 When measured Tsk is expressed alongside predicted Tsk data as 1-minute data across 

cycling distance, (Fig. 1A), we observe different patterns of predictions. All three skin 

temperature prediction equations display a distinct rise and fall in skin temperature with an 

amplitude of around ±1 ºC, however, this is not observed with the measured skin temperature 

data. The cycling course was slightly uphill (0-2% grade) for half of the circuit and slightly 

downhill (-2-0%) for the other half of the circuit. While minute-by-minute estimations of skin 

temperature may have limited utility, having some degree of resolution to estimate skin 

temperature in dynamic scenarios (as gradients, metabolic heat production and environmental 

conditions change) will be more useful than steady-state predictions. Despite requesting 

participants to maintain a steady power output across each trial, this profile change naturally 
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resulted in a rise and fall in metabolic rate (through increases in power output up the ‘hill’ 

and concomitant reductions in power output which correspond with the gradient of the 

course, Fig. 2A-B), along with increases in cycling velocity down the hill and concomitant 

decrease in cycling speed up the hill (despite the increased power output) (Fig. 2A-B). 

Compared to predicted Tsk values, we did not observe a rise in fall in Tsk with changes in 

speed and metabolic rates (Fig. 2A-B), which, is in contrast to previously observed research 

in low airflow scenarios (Mehnert et al., 2000; Vanos et al., 2012), indicates that increases in 

metabolic rate do not increase skin temperature dramatically when there is sufficient 

convective and evaporative cooling from airflow and evaporation of sweat/water while 

cycling.  

Perspectives 

We observed that for trials with higher dry-bulb temperatures, there was increased 

agreement between skin temperature estimation models and measured mean skin 

temperatures. As skin temperature is an interface temperature between the internal body 

tissues and the external environment, it follows that air temperature should and indeed has 

been consistently observed to augment skin temperature across cool and hot conditions, at 

rest and during exercise (Ramanathan, 1964; Livingstone et al., 1987; Kenefick et al., 2010; 

Hospers et al., 2020). The error in previous skin temperature estimation models may partly be 

due to the research being conducted with air velocities limited to < 4.0 m·s-1, which means 

that the prior models may not adequately account for increases in convective heat losses in 

cool environments with such high speeds. As these differences between measured and 

predicted Tsk values appeared to be greater at lower air temperatures, these models may not 

place a high enough weighting on air temperature (Tsk_menhert Tdb coefficient = 0.2 compared 

with our Tdb coefficient = 0.4235) for high air velocity applications and future models may be 

improved by the addition of the convective heat transfer coefficient. 
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During outdoor road cycling with high self-generated air velocity, rises in skin 

temperature are initially prevented by large amounts of convective cooling driven by the 

skin-air temperature gradient, and secondly, by the secretion of sweat and the subsequent 

evaporation of that sweat to cool the skin surface (Berglund & Gonzalez, 1977). Increases in 

ambient vapour pressure in the atmosphere (humidity) could reduce the rate of sweat 

evaporation from the skin surface, thereby independently altering (increasing) skin 

temperature. Our data were collected across mild ambient humidities (<1.84 kPa, equivalent 

to ~24 ºC and 61.6% RH). As ambient humidities increase – reducing the skin-air vapour 

pressure gradient – there could be an even greater influence of extreme ambient vapour 

pressures increasing mean skin temperature values.  

Limitations 

The data used to develop the current prediction model were collected across a range 

of cycling velocities, external workloads, and local environmental conditions, however, these 

data were collected while cycling along a ~flat surface with small changes in gradient across 

the course (-2 - + 2%) and/or speed (± 2-4 m·s-1) compared to real-world cycling. The data 

collected in this study was at modest dry-bulb temperatures (up to ~30 ºC) as were limited by 

the environmental conditions over unseasonably cool summertime conditions across Sydney, 

and so our predictions may be limited outside those temperatures. The prediction model 

presented here would be challenged during lower air velocity (< 4.0 m·s-1) such as climbing 

at slower speeds, where the precision between mean skin temperature from existing 

prediction equations at lower air velocities (< 4.0 m·s-1) may be more appropriate. It must 

also be stressed that the predictions made here are for relative steady-state exercise and these 

predictions might not be suitable for interval type workouts. 

Future research 
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 Future work should investigate the performance of the model reported here across 

more widely varying terrains such as on longer climbs and over longer durations. The much 

lower airflow and increased metabolic heat production experienced while climbing could 

reduce the gap between measured and predicted skin temperatures during climbing and 

therefore previous skin temperature estimation models may be suitable in those instances. 

Future work should reconcile the high airflow specific work presented here, with the prior 

skin temperature estimation models to streamline the usage of any prediction method across 

various exercise and environmental conditions to further enhance hydration recommendations 

from fluid loss prediction equations. To aid in translating this research to practical use within 

the sports sciences, research should assess how the predictive ability of this outdoor model 

change in different practical scenarios, such as when riding in a peloton, and when riding 

uphill or downhill.  

Conclusion 

 This study observed that the existing methods for predicting skin temperature during 

activities with high air velocities during outdoor cycling exercise are inadequate, and 

consistently overestimate the skin-air temperature gradient, which resulted in substantial 

underpredictions of sweat fluid losses. Here, we present a novel skin temperature prediction 

equation, which is specific to high air flow physical activity, that demonstrated a higher 

agreement to measured mean skin temperature data and more accurately predicted estimated 

fluid losses. This skin temperature prediction method could improve fluid loss prediction 

methods for determining fluid requirements for cycling-based physical activity such as road 

cycling and triathlon. 
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Table 1. Mean physical characteristics of all participants (n=23) and cycling speed, power 

and cadence metrics. BSA Body surface area, SD standard deviation. 
  

Factor Mean (SD) Range [Min-Max] 

Male (n=16)   

 Age (years)  29 ± 3 24 – 37 

 Height (m) 1.81 ± 0.08 1.68 – 1.96 

 Weight (kg) 80.41 ± 9.44 62.65 – 94.69 

 BSA (m2) 2.00 ± 0.13 1.77 – 2.19 

 External workload (W) 210 ± 41 84 – 267 

Cadence (revolutionsmin-1) 83 ± 2.3   23 - 110 

Cycling velocity (ms-2) 9.1 ± 2.7 1.2 - 16.2 

Female (n=7)   

 Age (years) 27 ± 1 25 - 29 

 Height (m) 1.74 ± 0.05 1.63 - 1.83 

 Weight (kg) 63.93 ± 6.71 56.40 - 76.56 

 BSA (m2) 1.77 ± 0.11 1.59 - 1.98 

 External workload (W) 165 ± 36 118 - 253  

 Cadence (revolutionsmin-1) 73.6 ± 1.6 16 - 95 

 Cycling velocity (ms-2) 8.6 ± 1.6 0.8 - 15.1 
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Table 2. Pearson correlation coefficient (r) evaluation of select factors with measured mean 

skin temperature (Tsk) for outdoor road cycling. Tdb dry-bulb temperature, Tr mean radiant 

temperature, vself cycling velocity, Hprod metabolic heat production, and Ṁ metabolic rate. 

(n=153). 

Correlation (r) with Tsk  

 

Factor Value p-value 

Tdb (ºC) 0.721 0. 001 

Tr (ºC) 0.486 0. 001 

vself (ms-1) 0.195 0. 016 

Pa (kPa) 0. 294 0. 001 

Hprod (Wm-2) 0. 282 0. 001 

Hprod (W) 0. 261 0. 001 

M (Wm-2) 0. 285 0. 001 

External workload (W) 0. 288 0. 001 
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Table 3. Linear regression model output for the prediction of mean skin temperature during 

outdoor road cycling for the modelling data set (n=91). Tdb, dry-bulb temperature, Hprod, 

metabolic heat production and Pa, partial water vapour pressure. 
    

 Coefficient Standard error Significance Explained variance 

(R2) 

Intercept 16.6585 13.473 P < 0.001  

Tdb (ºC) 0.4235 0.046 P < 0.001 Tdb = 0.557 

Hprod (ms-1) 1.1449 0.402 P = 0.005 Tdb + Hprod = 0.604 

Pa (kPa) 0.007 0.002 P < 0.001 Tdb + Hprod + Pa = 0.638 

n=91, R2 = 0.638, adjusted R2 = 0.625  
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Table 4. Summary of factors affected by type of skin temperature assessment (measured vs predicted).  
    

Skin temperature method Tsk (ºC) ΔDry heat loss (W) ΔEreq (W) ΔEmax (W) Δωreq (AU) ΔSreq (gh
-1) 

Modelling group       

 Tsk_measured 31.8 ± 1.4 

[29.1 to 34.4] 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

 Tsk_mehnert 35.0 ± 0.8 

[32.9 to 36.2] 

48 ± 17 

[17 to 99] 

-94 ± 33 

[-192 to -34] 

384 ± 125 

[151 to 751] 

-0.18 ± 0.07  

[-0.47 to -0.06] 

-272 ± 139 

[-333 to -97] 

 Tsk_ISO 33.3 ± 0.9 

[30.1 to 34.5] 

27 ± 22  

[-11 to 93] 

-50 ± 39  

[-182 to 22] 

161 ± 131 

[64 to 540] 

-0.10 ± 0.08 

[-0.30 to 0.04] 

-161 ± 160   

[-912 to 78] 

 Tsk_COMFA 35.1 ± 1.2 

[32.9 to 38.7] 

62 ± 26 

[17 to 187] 

-140 ± 49  

[-320 to -42] 

400 ± 181  

[91 to 1414] 

-0.48 ± 0.08  

[-0.48 to -0.06] 

-323 ± 158  

[-1021 to -76] 

 Validation group       

 Tsk_measured 31.7 ± 1.1 

[29.3 to 34.2] 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

 Tsk_mehnert 34.9 ± 0.6 

[33.4 - 36.1] 

49 ± 16 

[5 to 88] 

-93 ± 32  

[-173 to -9] 

378 ± 126 

[39 to 714] 

-0.18 ± 0.07 

[-0.26 to -0.02] 

-268 ± 135 

[-755 to -20] 

 Tsk_ISO 34.3 ± 0.6 

[30.8 to 34.3] 

28 ± 20 

[-15 to 73]  

-53 ± 35 

[-123 to 25] 

163 ± 107  

[-82 to 382] 

-0.10 ± 0.07 

[-0.18 to 0.01]  

-162 ± 124 

[-584 to 55] 

 Tsk_COMFA 35.0 ± 1.2 

[32.4 - 37.3] 

62 ± 27  

[-8 to 136] 

-119 ± 55  

[-266 to 13] 

389 ± 185 

[42 to 901] 

-0.19 ± 0.09 

[-0.41 to 0.02] 

-318 ± 180 

[-945 to 26]  

 Tsk_predicted 31.7 ± 0.9 

[29.2 to 33.0] 

-19 ± 39 

[-77 to 90] 

-23 ± 34 

[-55 to 86] 

9 ± 97 

[-220 to 189] 

-0.02 ± 0.07 

[-0.2 to 0.13]  

-74 ± 117 

[-392 to 144] 

Tsk mean skin temperature (ºC), Dry heat loss is combined mean convective and radiative heat exchange (W), and Sreq is the estimated difference 

in sweat rate between the three predicted Tsk models and measured mean Tsk (ghr-2). Mean ± SD and [minimum-maximum] are reported in 

brackets. 
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Table 5. Summary of skin temperature prediction model performance.   
   

 Tsk_mehnert Tsk_ISO Tsk_COMFA Tsk_predicted 

Mean bias, ºC 3.3 ± 1.1 1.5 ± 1.0 3.3 ± 1.4 0.3 ± 0.9 

Lin’s CCC 0.04  0.11 0.05 0.57 

Root mean square error, ºC 3.4 1.8 3.6 0.9 

Mean absolute error (%) 10.4  5.0 10.5 2.4 

CCC, Concordance Correlation Coefficient 
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Figure 1A: Line plot displaying the relationships between predicted mean Tsk compared to 

measured mean Tsk. 1B: Bar plot displaying dry heat exchange when calculated from the 

three Tsk prediction equations, plotted as a difference (Δ) from measured dry heat exchange. 

Mean and 95% confidence intervals. 1C: Predicted versus mean Tsk across the steady state 

component of the trials. 1D: The difference between measured mean Tsk and predicted Tsk 

plotted against dry-bulb temperature (Tdb). Plots C and D are averaged into 15-minute blocks 

across the final 45 minutes of each trial (i.e., the steady-state period) and each plot represents 

91 paired comparisons per Tsk prediction method with 3 data points per trial. 
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Figure 2: line plots displaying change in mean skin temperature and cycling velocity (2A) 

and metabolic heat production and cycling velocity (2B): across distance cycled; mean and 

95% confidence intervals. 

 

Tsk is measured mean skin temperature (ºC) and Hprod is metabolic heat production (in W·kg-

1)
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Figure 3. Dependent variables are plotted with measured mean skin temperature (ºC) to 

establish bivariate relationships to inform the predictive model via exploratory data analysis 

[Tdb, Tr, and Pa, vself, Hprod, Legend = Participant ID]. Asterisk (*) denotes P < 0.05. 
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Figure 4A-C: Bland-Altman plots illustrating mean bias solid black line) and 95% confidence 

intervals (dotted lines) for current models (A: Tsk_mehnert, B: Tsk_ISO, C: Tsk_COMFA) and measured 

mean Tsk in the independent validation group using measured environmental variables.  
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Figure 5A: Predicted vs measured mean Tsk values for the independent validation trials using 

the linear regression model to predict Tsk. 5B: Bland-Altman plots illustrating mean bias solid 

black line) and 95% confidence intervals (dotted lines) for predicted and measured mean Tsk 

in the independent validation group using measured environmental variables.  
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6.0 Thesis Discussion and Conclusions 

The risks posed by extreme heat to human health will only increase in the coming decades 

as climate change continues. Vulnerable populations, such as those with pre-existing health 

conditions (e.g., chronic disease etc.) will be particularly at risk when exposed to heat at rest, 

whilst recreational and professional athletes will become increasingly exposed to extreme heat 

during outdoor physical activity. Therefore, maintaining safe access to outdoor physical 

activity/sports for the public and professional sportspersons is becoming increasingly 

challenging in our warming world. The current thesis provides novel data that may further 

inform the management of heat stress risk in a wide array of outdoor sports settings that are 

relevant globally, in various environmental conditions. 

By accurately quantifying the level of environmental heat stress and characterising the 

expected level of heat strain experienced by the individual, sound biophysical modelling (in 

combination with laboratory-based physiological experiments) will play a crucial role in 

mitigating the risk of extreme heat stress to the public and professional sportspersons 

participating in outdoor sports or physical activity.  

The key findings and practical implications presented in this thesis are: 

1. In Chapter 3, it was observed that nearby BoM stations typically underestimate the 

heat stress risk at Major venues such as the SCG, Optus Stadium and the Adelaide 

Oval, while overestimating the heat stress risk at Minor sporting venues across 

Australia. Overestimating the heat stress risk leads to unnecessarily delaying or 

cancelling play while underestimating the heat stress risk increases the likelihood 

of athletes experiencing heat illnesses. Practically speaking, this finding means that 

community/minor cricket venues (without large obstructive grandstands that 

contribute to the development of a microclimate) may be able to safely utilise 

nearby BoM weather site data to inform their heat policies, with the caveat that the 
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on-field heat stress risk may be overestimated by the BoM, however on-site 

environmental monitoring is highly recommended where feasible. For Major 

venues, on-site monitoring of the thermal environment is recommended due to the 

increased likelihood of underestimating the heat stress risk during play when 

relying on environmental data provided by the BoM 

2. In Chapter 4, it was demonstrated that the rate of sweat loss is primarily associated 

with the evaporative requirement for heat balance (Ereq) during outdoor road 

cycling. Practically this demonstrates that even with the reduced accuracy of field 

equipment and increased variability in environmental conditions experienced 

outside the laboratory, Ereq remains highly associated with WBSR and, therefore, 

can be utilised within biophysical modelling to accurately predict fluid loss during 

exercise. 

3. In Chapter 5, currently available methods for estimating the mean skin temperature 

during outdoor cycling were assessed for accuracy. It was found that existing 

methods do not adequately capture the increased rate of convective cooling 

experienced in high airflow environments initially experienced during road cycling 

and subsequently overestimate the steady-state mean skin temperature. Our data 

were then used to derive a new regressive model to estimate the mean skin 

temperature during outdoor road cycling. These data should improve future 

biophysical modelling, through improved predictions of dry heat transfer, which 

assesses heat stress risk factors such as predicted sweat rates, in sports such as road 

cycling. 

The main findings of this thesis have been discussed in detail within each chapter and 

therefore the next section looks to describe the future directions and implications for research 

and practice that results from the thesis more globally.  
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The findings from the 3 experimental chapters within this thesis may be used together 

by practitioners (e.g., coaches and sporting organisations) to help reduce the overall risk of 

adverse heat outcomes across a range of outdoor sports. Firstly, if practitioners are using nearby 

meteorological sites to inform decisions based on their extreme heat policy, they must be aware 

of the potential differences in the thermal environmental conditions between the field of play 

and the nearby meteorological sites. Best practice should be considered to be on-site 

monitoring with a high quality, purpose built environmental monitoring unit that measures al 

flour environmental parameters that affect human heat balance (dry-bulb temperature, relative 

humidity, black globe temperature and wind velocity), such as the design used in this thesis by 

EMU systems or similar. Secondly, many major sporting organisations around the globe still 

use fixed environmental cut-offs (Tdb sometimes combined with RH and/or WBGT) to 

determine their thresholds within their policies including the UCI (Union Cycliste 

Internationale, 2024). Data gathered in Chapters 4 and 5 may be used to integrate biophysical 

modelling and advance extreme heat policies, which not only the environmental conditions, 

but importantly also consider athletes/participants’ training and acclimation status (through 

ωmax estimations), clothing, and forecasted sweat rates to determine the appropriate upper 

tolerable limit of heat stress for that particular activity and associated environmental conditions 

in which the activity occurs. 

Future directions and implications 

The existence of microclimates across Australian sporting venues 

Chapter 3 focussed on how appropriate it is to use nearby weather station data from the 

Australian Bureau of Meteorology (BoM) to characterise the prevailing level of heat stress 

within major and minor AFL/cricket venues across Australia. The use of nearby environmental 

measurements is what underpins the Extreme Heat Policies of not only Cricket Australia but 

also many other major outdoor sporting organisations across Australia (Australian Football 

https://research.csiro.au/onalumni/emusystems/
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League, 2013; Cricket Australia, 2020; Cycling Australia, 2021; Lawn Tennis Association, 

2022). Extreme Heat Policies are multifaced documents that dictate the procedures to allow as 

much play to occur as is considered safe by the organisers (Racinais et al., 2023). This benefits 

the players, the spectators, and the organisers, as play is allowed to continue for as long as 

possible before becoming unsafe for the players. We observed that Major venues often reported 

lower dry-bulb temperatures, wind speeds, and higher absolute humidities than observed at 

nearby BoM sites. These differences may be explained by local factors related to the grounds 

themselves such as that the fields are typically watered overnight to maintain the grassy playing 

surface which releases water in the form of water vapour via increased evapotranspiration 

(Liuzzo, Viola & Noto, 2016; Mazrooei et al., 2021; Hao et al., 2023) and the large, 

encompassing grandstands that surround the playing surfaces substantially blocks/reduces the 

airflows experienced at the playing surface compared to nearby meteorological sites 

(Chatzidimitriou & Yannas, 2015; Grundstein & Cooper, 2020). This confirms the need for 

on-site environmental monitoring, particularly at major venues where the heat stress risk was 

typically underestimated, meaning that professional sportspersons may be exposed to undue 

risk of exertional heat illness during thermally stressful playing conditions typically due to 

reduced wind speeds and higher humidities experienced at the playing surface. Further research 

may be necessary to confirm exactly why and when these differences present themselves with 

longer-term, ground-specific assessment, however, certainly the most practical solution is to 

implement high-quality on-site environmental monitoring where possible, particularly when 

the thermal environment is forecasted to be stressful. Major sporting venue developers should 

place further emphasis on the design of the sporting venue with specific regard to how the 

venue influences the local thermal environment for players and spectators, to help ensure that 

safe outdoor sports participation can remain a staple in our society. 
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Agreement of Ereq and WBSR in an outdoor environment  

 Chapter 4 shifted focus from accurately quantifying the physical thermal environment 

at sporting venues (Chapter 3) to better understanding human physiological responses to heat 

stress exposure during physical activity, when exertional heat illness is most likely to occur. 

Exercise heat stress is experienced when there is an excessive rise in body core temperature as 

the rate of metabolic heat produced by active musculature exceeds the rate of heat dissipation 

to the surrounding environment. Additionally, during prolonged exercise, if adequate fluids are 

not taken on board, dehydration may ensue, further exacerbate the level of heat strain (Hillman 

et al., 2011; Akerman et al., 2016) and increase the risk of severe exertional heat illness. Fluid 

intake recommendations are of course highly varied based on the intensity, duration and 

environmental conditions of any race/activity where for longer and hotter races, it’s sensible to 

replace a higher % of fluid losses, where in cooler and shorter races, individuals can tolerate 

higher levels of dehydration without significant performance losses. There will be cases where 

fluid losses exceed the ability to consume enough fluids (either physiologically or through lack 

of access), and such that dehydration will progress until exercise must cease. By improving our 

biophysical modelling capabilities, our ability to appropriately prescribe personalised 

hydration regimes and prepare athletes and individuals competing in the heat will only improve 

(Jay et al., 2024).  

The current thesis first aimed to improve our biophysical modelling capabilities by adapting 

the Ereq model that has been shown to explain most of the individual variability in whole-body 

sweat rates at rest and during exercise in indoor environments (Gagnon, Jay & Kenny, 2013; 

Hospers et al., 2020; Ravanelli, Imbeault & Jay, 2020) to and apply it to an outdoor 

environment. In Chapter 4, the most appropriate methods for calculating Ereq in outdoor settings 

using freely available data (e.g., dry-bulb temperature, relative humidity, power output, cycling 

velocity) are reported. Whilst Ereq was found to associate highly with whole-body sweat loss 
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during 1-hour of outdoor cycling, future research should assess the strength of these 

associations over longer durations and in more variable environmental conditions. For 

example, by experimental design, there was limited variability in the exercise intensity and 

cycling velocity within each trial. For conditions with greater variations in power output and 

speed, we would expect to see transient and significant changes in Ereq and Emax which may 

lead to a reduction in sweating efficiency at times, which could ultimately result in a reduced 

association of Ereq with whole-body sweat rate.  

At the onset of exercise, there is a sharp rise in metabolic rate that is not immediately 

matched by heat loss mechanisms (increases in sweat output and skin blood flow) until the 

onset of sweating occurs and a relative steady state of heat balance is achieved. The rate at 

which steady state occurs is dependent on the environmental conditions and exercise intensity 

(longer in warmer conditions, shorter in cooler conditions, ~10-30 minutes) (Cramer & Jay, 

2019; Ravanelli, Bongers & Jay, 2019). During this time a certain amount of heat is stored 

within the body and results in a rise in body core temperature. In our calculations of Ereq within 

Chapters 4 and 5, we have assumed that heat storage was 0 and therefore for ~60 minutes of 

exercise, our whole-body sweat rate values may indeed be underestimating sweat losses over 

hours 2, 3 and onwards. Together, both the unaccounted-for time before the onset of sweating 

and the initial amount of heat stored within the body before steady state, may result in 

systematic underestimations of WBSL in our model, particularly at shorter exercise durations 

<60 minutes. Furthermore, as metabolic rate increases for a given external workload as fatigue 

sets in (particularly at high exercise intensities due to the slow component of V̇O2 (Poole et al., 

1991; Xu & Rhodes, 1999; Lucía, Hoyos & Chicharro, 2000; Jones et al., 2011; Colosio et al., 

2020), which is unaccounted for the Ereq model. Future research should identify the magnitude 

of metabolic rate increases with fatigue to improve estimations of metabolic rate during 

prolonged exercise bouts. 
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Prediction of mean skin temperature 

 

Chapter 5 followed Chapter 4 by taking the next steps to further our understanding of mean 

skin temperatures (and therefore dry heat transfer and Emax) during outdoor road cycling. All 

previous research aimed at estimating mean skin temperature has been conducted either within 

laboratories or outdoors but with limited air velocities (0-4 m·s-1) and therefore the mean skin 

temperatures experienced while cycling was unknown (Mehnert et al., 2000; Vanos et al., 

2012; ISO, 9886, 2004). This chapter identified large discrepancies between the existing 

methods for estimating mean skin temperature and measured mean skin temperature, 

particularly at lower dry-bulb temperatures. Practically, this means that existing methods for 

estimating mean skin temperature led to an underestimation of fluid requirements during steady 

state road cycling, as dry heat loss is inflated (in temperate conditions where Tdb < Tsk). 

Overestimating the amount of dry heat loss in the Ereq model reduces the value of Ereq thereby 

reducing the required amount of evaporation to attain heat balance when translated into an Sreq 

value. However, whether existing methods for estimating mean skin temperature perform 

better or worse in warmer environments where Tdb is > Tsk is worthy of investigation in the 

future as when Tdb increases beyond Tsk, all metabolic and environmental heat must be lost via 

evaporative mechanisms, which results in further increases in whole-body sweat rates. As 

sweat rates increase, so does the risk of dehydration and the development of associated 

exertional heat illness, especially during prolonged exercise. 

The second aim of Chapter 5 was to develop a more precise method for estimating mean 

skin temperature during outdoor road cycling. Our method provided a better estimate of mean 

skin temperature and associated dry heat loss when compared with the existing methods. 

Within our data, metabolic rate, metabolic heat production and external workload appeared not 

to increase skin temperature when examining steady-state measured skin temperatures, 

potentially as any increases in metabolic heat production were negated by concomitant 
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increases in cycling velocity, and therefore self-generated airspeed. All existing models 

integrated a form of metabolic heat production into their prediction equations, which at low air 

velocities, is conceptually and practically sound. When metabolic rate rises, so does skin blood 

flow which is mediated by both peripheral (Johnson & Kellogg Jr, 2010) and central (Kenney 

& Johnson, 1992) thermoregulatory pathways to transfer more (heated) blood from the core to 

the periphery to facilitate cooling via evaporation. Typically, an associated rise in skin 

temperature would be expected, however, at higher air velocities, mean skin temperature 

appears vastly more affected and determined by dry-bulb temperature and much less affected 

by rises and falls in metabolic rate or metabolic heat production. As air velocity increases, so 

does the convective heat transfer coefficient which leads to an increased rate of convective heat 

exchange between the skin and the environment. At the outset of cycling exercise, we observed 

a sharp drop in measured mean skin temperature with large amounts of convective heat loss 

until a relative steady state was experienced as mean skin temperature became closer to dry-

bulb temperatures where convective heat loss was much lower due to the diminished Tsk to Tdb 

temperature gradient. Current empirical investigations into the convective heat transfer 

coefficient suggest that the rise in the convective heat transfer coefficient reduces with 

increasing airspeed (i.e., logarithmic effect of airspeed on hc) (Nishi & Gagge, 1970; Lotens & 

Havenith, 1991), however, others suggest that it is linear. To help elucidate the interaction 

between the ambient environment (Tdb and Tr) on mean skin temperature and associated dry 

heat loss in high airflow environments, more research into the characteristics of the convective 

heat transfer coefficient at higher air velocities is necessary. 

Thesis conclusions 

 The main findings resulting from each chapter of this thesis are as follows: Firstly, 

differences in the estimated heat stress risk using BoM sites versus playing surface data are 

substantial enough to result in large categorical differences in the reported heat stress risk. The 
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on-site environmental monitoring of thermal environmental conditions (with appropriate 

equipment) reduces the risk of misclassifying the heat stress risk and may reduce the risk of 

heat illness cases and costly (from both economic and population health perspectives) 

reductions in safe playing time. Secondly, we observed that the association between Ereq and 

WBSR remained strong (peak R2=0.72, peak r=0.85) in an outdoor environment. Strong 

associations between these variables mean that the Ereq may be utilised within sweat rate 

prediction models during physical activity to produce quality fluid predictions across dynamic 

environments. Thirdly, we observed that existing skin temperature prediction equations fail to 

adequately account for the high rates of convective heat loss, which occurs at such high 

airspeeds as experienced during recreational road cycling and therefore overestimate dry heat 

loss and subsequently underestimate fluid losses. We subsequently developed a novel skin 

temperature prediction equation, specific to high airflow physical activity, which demonstrated 

increased agreement to measured skin temperature and more accurate estimated fluid losses 

compared to existing methods for estimating skin temperature during physical activity in warm 

environments. 
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