SUPPLEMENTARY INFORMATION

[bookmark: OLE_LINK2]FOUNDATIONS OF PHYSIOLOGICAL EQUIVALENT TEMPERATURE (PET)
[bookmark: OLE_LINK3]The Human Thermal Equilibrium Equation and Its Parameterization
To maintain thermal equilibrium, human body must balance heat production with heat dissipation. The heat generated by metabolism is transferred to the surrounding environment through mechanisms such as convective heat transfer, radiative heat transfer, and evaporative heat loss via sweating. The human thermal balance equation has become a fundamental component of various mathematical models. Through continuous development and refinement, the human thermal balance equation is formulated as follows(Gagge 1937):

[bookmark: ZEqnNum252541]		
In the equation, M represents the rate at which the human body stores energy through digestion and absorption. Although food typically has a certain temperature, the thermal energy associated with this temperature is negligible compared to the energy content of the food itself. Therefore, in this study, M denotes the energy released through the digestion, and it is always a positive value. W denotes the mechanical work output of human body. When the body performs work on the surroundings, W is positive; conversely, when surroundings are acting on the body, W is negative. C represents convective heat exchange between the body and ambient environment. When the skin temperature is higher than ambient temperature, convective heat transfer from the body to the environment occurs, and C is positive. Conversely, when the ambient temperature is higher, convective heat transfer from the environment to the body occurs, making C negative. R represents radiative heat exchange between human body and ambient environment, also dependent on temperature. When the body surface temperature is higher than the ambient temperature, heat is radiated to the environment, making R positive. Conversely, when the ambient temperature is higher, the body absorbs radiative heat from the environment, and R becomes negative. Esk denotes the heat loss from skin through sweat evaporation. Human body also exchanges heat through the respiratory system during air. This process involves both convective heat transfer and evaporative heat loss, represented by Cres and Eres respectively, with the sign convention similar to the aforementioned terms. S represents the actual heat storage within the body. If heat production exceeds heat loss, it indicates heat accumulation within the body, resulting in a rise in body temperature, and S is positive. Conversely, if heat loss exceeds heat production, it indicates heat dissipation, resulting in a decrease in body temperature, and S is negative. All terms are expressed in units of W/m2.

[bookmark: OLE_LINK5]Metabolism
[bookmark: OLE_LINK7]Currently, the commonly used method for determining metabolism involves consulting the given tables. Metabolism in these tables were derived by previous researchers using statistic methods. They were based on specific conditions in various work environment, with variables such as body weight and moving speed. This method primarily targets low to moderate intensity physical activities in thermal environments, with many activities occurring in work settings instead of sports race.



Work Output
When human body performs external mechanical work, its efficiency is relatively low(Bangsbo 2001), typically not exceeding 20% of metabolism during prolonged exercise. Therefore, to simplify calculations, the efficiency of external work can be considered negligible when parameterizing the balance equation.

Convection
Convective heat exchange between human body and environment is facilitated by the movement of air. However, parameterizing this exchange in practical applications is challenging. The primary reasons are the continuously changing conditions of the skin with varying activity states, and it is difficult in accurately describing the temperature and flow fields near the skin mathematically. Therefore, we adopt the most widely used method for parameterizing convection(Winslow 1939).

		
In the equation, fcl represents clothing area factor; hc is the convection heat transfer coefficient, measured in W/(m2·℃). Tcl is the clothing surface temperature in ℃; Ta is the ambient temperature in ℃.
[bookmark: OLE_LINK15]Convection between human body and environment comprises natural convection and forced convection. Natural convection occurs when air thermal properties change, resulting in heat transfer between body and the surrounding air. This is typically observed when the body is stationary and the surrounding air is still. Forced convection, in contrast, is driven by external forces, enhancing heat exchange with the body. In the atmosphere, differences in geopotential height can serve as a driving force. During physical activities such as running, the convective heat exchange between the body and environment can be considered as forced convection. The convection heat transfer coefficient (hc​) can be calculated using Fanger's formula:

[bookmark: ZEqnNum134672]		
In the equation, v represents wind speed.
Formula for fcl are as follows:

		
Icl is the basic thermal resistance of clothing, obtained from reference tables.

Radiation
There is a temperature difference between the human body and its environment, and energy is transferred in the form of electromagnetic waves. This process adheres to the Stefan-Boltzmann law(Paul 2015).

		
[bookmark: OLE_LINK19]The effective radiation area of a clothed human body, Aeff, is measured in m2; the emissivity of the human body surface, ε, is a constant value of 1; the Stefan-Boltzmann constant, σ, is 5.67×10-8W/(m2K4); and Tmrt represents the mean radiant temperature of the skin in ℃. The body surface area is denoted by A. To account for the actual indentations and mutual radiation of the skin, and to avoid their impact on the calculation results, the international standard ISO 7730:2005 introduces the parameter Aeff. The calculation formula for Aeff is as follows:

		
Therefore, the formula for radiation is:

		
feff represents effective radiative area factor, 0.72.

Evaporation
Evaporative heat loss from skin comprises two components: the evaporation of moisture and the evaporation of sweat:

		
[bookmark: OLE_LINK24]The latent heat of sweat evaporation, Esw​, and the latent heat of skin moisture evaporation, ED, can be quantified based on the metabolism M and the external work W using Fanger's empirical formula(Fanger 1972):

		
Pa (hPa) represents vapor pressure at a certain temperature.

Heat loss through respiration
Under standard atmospheric pressure, the convective heat loss from respiration (Cres) and the evaporative heat loss from respiration (Eres) can be parameterized as:

		

		
Pa (hPa) represents vapor pressure at a certain temperature.

Mean radiation temperature
The radiative term in heat balance equation is derived from the Stefan-Boltzmann law, incorporating mean radiant temperature (Tmrt). The radiative exposure of the body in outdoor environments is highly complex, and Tmrt serves as a measurement of this complexity. It is influenced by solar short-wave radiation, long-wave radiation from the environment, and atmospheric counter-radiation emitted towards the human body. In outdoor summer conditions, Tmrt significantly impacts thermal comfort. However, Tmrt cannot be directly obtained through meteorological instruments, making its parameterization crucial.
[bookmark: OLE_LINK28]A panel led by Professor Matzarakis from the University of Freiburg in Germany developed RayMan model [5], designed to calculate the short-wave and long-wave radiation fluxes experienced by human body. This model takes into account the complex urban environment and exhibits high consistency between the calculated Tmrt and actual values. As a result, it is widely used in biometeorology. The parameterization scheme for Tmrt in RayMan model is as follows:

		
[bookmark: OLE_LINK30][bookmark: OLE_LINK29]σ is the Stefan-Boltzmann constant, 5.67×10⁻⁸ W/(m²·K⁴); Li represents the long-wave radiation, W/m²; Si denotes the short-wave radiation, W/m²; Fi is the view factor; αk is the absorption coefficient of the human body for shortwave radiation; fpro is the projected area factor; Rsolar represents the solar radiation flux, W/m².

GAGGE two-node model
Gagge two-node model conceptualizes the human body as two concentric layers: the core and the skin, with each layer having a uniformly distributed temperature. The temperature gradient exists only between the two layers, and metabolic heat generation occurs only within the core layer. Under low-temperature conditions, shivering in human body produces additional heat, and Gagge parameterized this using the average skin temperature and core temperature under normal conditions(Matzarakis 2010):

		
[bookmark: OLE_LINK32]In the equation, Msh​ represents the heat generated by shivering, W/m²; Tsk​ and Tc​ are the skin temperature and core temperature, respectively, in °C. If these temperatures exceed 34°C and 37°C, they are capped at 34°C and 37°C, respectively.
Heat exchange between the core and skin layers occurs through blood flow, thus the parameterization of skin blood flow is as follows:

		
In the equation, Qb represents the skin blood flow, L/(m²·h); B is the skin blood flow under thermoneutral conditions, valued at 6.3 L/(m²·h); cdi is the vasodilation coefficient, valued at 50 L/(m²·h·K); Str is the vasoconstriction coefficient, 0.5/K.
The evaporation due to sweating, Esk (W/m²), is also parameterized based on skin temperature and core temperature:

		

		
[bookmark: OLE_LINK27]In the equation, cs is the proportional coefficient for evaporation due to sweating, valued at 170 W/(m²·K); Tb represents the average body temperature, °C; z is the proportion of the total tissue mass that the skin layer represents, which can be parameterized as follows:

		
Combining the above formulas, the heat balance equation for the core layer is expressed as follows(Gagge 1971):

[bookmark: ZEqnNum383809]		
[bookmark: OLE_LINK37]Skbl can be written as:

		
In the equation, M represents the total metabolic rate of the human body, W/m²; W is the rate of external work done, W/m²; Cres denotes the convective heat loss through respiration, W/m²; Eres represents the evaporative heat loss through respiration, W/m²; K is the heat transfer coefficient from the core to the skin layer, 5.28 W/(m²·K); Skbl is the skin blood flow, kg/(m²·s); cbl is the specific heat of blood, 4.19 kJ/(kg·K); cc is the specific heat of the core layer, 3.5 kJ/(kg·K); mc is the mass of the core layer, kg; t is time, s; and A is the surface area of the human body, m².
According to the principle of thermal balance, the heat balance equation for the skin layer can be derived as follows(Gagge 1971):

[bookmark: ZEqnNum842356]		
In this equation, the physical meanings of C, R and Esk are the same as previously described. Edi represents the latent heat of water diffusion from the skin surface, W/m²; msk is the mass of the skin layer, kg; and csk is the specific heat of the skin layer, valued at 3.5 kJ/(kg·K).
The significance of equations  and  lies in the ability to solve partial differential equations to obtain the core temperature and skin temperature at any time by the given initial conditions of body. The two-node model can accurately calculate these two temperatures under low to moderate intensity physical activities. However, when the activity is intense, the two-node model tends to underestimate the changes in core temperature, leading to errors in evaluating the thermal response.

Munich Energy Balance Model for Individuals
In the parameterization scheme of the heat balance equation, there exist Tsk, Tc and Tcl. Even with the known values of key meteorological factors and metabolism, such as Ta, v, Tmrt, Pa, M and W, it is still not possible to solve for Tsk, Tc and Tcl. Therefore, Mayer introduced the following equations based on thermal physiology(Mayer and Höppe 1987):

[bookmark: ZEqnNum834689]		

[bookmark: ZEqnNum106816]		
FSC represents the heat transferred from the skin to clothing. It is related to the convection and radiation terms as follows:

[bookmark: ZEqnNum463932]		
[bookmark: OLE_LINK41]By simultaneously solving equations, , , , and incorporating certain parameters from Gagge model, the values of Tsk, Tc and Tcl can be determined under given meteorological conditions and metabolism level. This system of equations constitutes the mathematical expression of the MEMI model.
In summary, the definition of PET is as follows: Assuming a standard environment where Tmrt equals Ta, wind speed is 0.1 m/s, and water vapor pressure is 12 hPa. A subject has a metabolic level of 80 W/m². In this state, assuming that the subject's skin temperature, core temperature, and clothing temperature have reached the values of Tsk, Tc and Tcl as derived from the MEMI model. Solving for Ta in this system of equations, the resulting Ta is defined as PET.


MODIFICATION OF MEMI
Modification of metabolism term
In the original MEMI model, the metabolic rate is obtained from provided tables, which predominantly contain values for normal working conditions, rendering them unsuitable for actual sports activities. The improved model should use specific activities to determine the metabolic rate. In 1993, Barbara E. Ainsworth published the first edition of the "Compendium of Physical Activities: Classification of Energy Costs of Human Physical Activities" (CPA)(Ainsworth 1993). This compendium uses metabolic equivalents (METs) as units and comprehensively summarizes the intensity of various types of physical activities in daily life. It has been widely referenced and applied globally, and it has been updated to the latest third edition(Herrmann 2024). The metabolic rate for the Falmouth Road Race is determined based on the third edition of CPA, using the median race results from the 2022 event to identify the appropriate activity description in the CPA, with a MET value of 7.8. The metabolism value, Q, is as follows:

		
In the equation, Q represents the metabolism value in kJ; m is the body weight in kg; T is the exercise time in minutes; n is the energy conversion efficiency of oxygen, approximately 20.1 kJ/L.
To ensure that all terms in the equation are unified in units of W/m², the body surface area is introduced and calculated using the following formula(Mosteller 1987):

		
The body surface area S is measured in m², and the height Ht and weight Wt are taken from the average values published by CDC, which are 168.275 cm and 84 kg, respectively. These values deviate significantly from the ideal, resulting in a lower calculated value for W.
Therefore, the metabolic level term (W/m2) in the MEMI model is ultimately expressed as:

[bookmark: _Toc125401653][bookmark: _Toc125401756][bookmark: _Toc136523699]		
T is time in seconds.

Modification of convection and radiation
The original MEMI model did not account for the impact of wind speed on Icl, but wind speed significantly affects Icl(Lai 2017). Additionally, the original MEMI model did not separately calculate the areas of the body with and without clothing coverage. The original convective and radiative terms have been revised to address these two points(Ji 2015).
[bookmark: OLE_LINK8]When considering the basic thermal resistance of clothing, situations such as overlapping and the combination of upper and lower garments arise. Therefore, the total thermal resistance of clothing cannot be simply obtained from a table. ASHRAE recommends the following formula for calculating the thermal resistance value of a set of clothing:

		
[bookmark: OLE_LINK9]In this formula, Icli represents the basic thermal resistance of a single piece of clothing, measured in clo.

The thermal resistance values in the original equation were obtained from tables and remained constant throughout the process. However, due to the impact of wind, the thermal resistance would decrease. The actual Icl value can be estimated using the following formula:

		
In this equation, Icl0 represents the initial basic thermal resistance of the clothing valued at 0.2 clo; Icl is the thermal resistance of the clothing during physical activity, measured in clo.
[bookmark: OLE_LINK38]The revised equation needs to distinguish between the areas covered by clothing and those not covered. Therefore, define the area covered by clothing as Aef​, the total body surface area as A, and the clothing coverage rate κ as:

		
[bookmark: OLE_LINK11]Solar radiation becomes the only light source received in outdoor. The amount of solar radiation received by body varies at different latitudes and times. In ordinary low-temperature indoor environments, the calculation of the radiation using Aeff is no longer applicable. Therefore, to ensure rationality, it is necessary to introduce the solar radiation projected area Apro to replace Aeff.

		
fpro​ is the projected area factor for solar radiation, and it is related to the solar altitude angle β(Rizzo 1991).

		
[bookmark: OLE_LINK16][bookmark: OLE_LINK13][bookmark: OLE_LINK14]In the equation, α is the sun azimuth; the solar elevation angle β, the latitude of the observation Φ, solar declination δ and hour angle φ, satisfy the following relationship:

		
Solar declination δ is related to the observation date:

		
Where n is the number of days counted from New Year's Day onwards.
hour angle φ is related to time:

		
The method of solving sun azimuth α is as:

		
[bookmark: OLE_LINK17]In summary, the original convective term has been revised to:

		
And the original radiative term has been modified to：

		
[bookmark: _Toc125401654][bookmark: _Toc125401757][bookmark: _Toc136523700]In the equation, εef is the emissivity of the clothing surface, valued at 0.95; ε is the emissivity of the skin surface, valued at 1; feff is the effective radiation area factor, valued at 0.72.

Modification of evaporation
The aforementioned empirical formula for skin evaporation was based on conditions where the subject was not wearing any clothing, making it unsuitable for sports in actual outdoor environments. Therefore, the evaporation term has been improved using the parameterization scheme recommended by ASHRAE.
[bookmark: OLE_LINK20]For the clothed area, the latent heat of sweat and water evaporation from the skin surface is given by:

[bookmark: OLE_LINK21]		
[bookmark: OLE_LINK1]Pa​ is the vapor pressure at the current temperature; ω​ represents the skin wettedness after sweating and is related to the metabolic level:

		
[bookmark: OLE_LINK22]Psk​ (hPa) is the saturated vapor pressure at skin temperature, and it has a linear relationship with the skin temperature Tsk ​:


		
Ret represents the basic moisture resistance of the clothing, m2·Pa/W

		
In the equation, LR is the Lewis constant, valued at 1.65 °C/hPa at standard sea level pressure; icl is the vapor permeability coefficient of the clothing, valued at 0.23.
[bookmark: OLE_LINK34]he​ is the evaporative heat transfer coefficient, which is closely related to hc​:

		
[bookmark: OLE_LINK36]For exposed areas, the clothing coverage rate κ is still used for revision. The evaporative heat loss from exposed skin is related to the difference in vapor pressure between the skin and the surrounding. The evaporative heat loss for the exposed skin areas is given by:

		
In summary, the evaporative term in the modified balance equation is given by:

		
By substituting the aforementioned modifications into the equations and solving the system of equations in the MEMI model using iteration, the mPET can be obtained. 
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