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Abstract

A new clothing resistance model for estimating outdoor thermal load is proposed and its behavior is an-
alyzed in different weather conditions. It is based on clothed human body energy balance considera-
tions; the human treated is a walking human in outdoor conditions. Weather and human data are taken 
from the internet site of the Hungarian Meteorological Service and from a Hungarian human dataset, 
respectively. Environmental thermal load is characterized in terms of clothing resistance rcl and opera-
tive temperature. The model’s main strength is that it simulates metabolic rate M as simply as possible. 
rcl deviations caused by personal variations of M are the largest in extreme cold and warm conditions, in 
the comfort zone this effect is non-essential. rcl deviations caused by wind speed variations can be es-
pecially large in large heat excess cases. Further model tests are needed for more extreme conditions.

Keywords: weather; Hungarian human; environmental thermal load; clothing resistance; operative 
temperature; metabolic activity; wind speed

Introduction

The past of modeling of clothing resistance, assuming 
steady-state conditions and serving as an outdoor en-
vironmental thermal indicator, goes back to the nine-
teen thirties (Herrington et al., 1937). Herrington et al.’s 
approach is modified by Burton and Edholm (1955) to 
achieve more suitable applications in different climate 
regions of the Earth (e.g. Auliciems & de Freitas, 1976; 
Auliciems & Kalma, 1979; de Freitas, 1979; Yan & Oliver, 
1996; Yan, 2005; Robaa & Hasanean, 2007) and in dif-
ferent weather types (Błażejczyk & Krawczyk, 1994). In 
all these studies, clothing is characterized by its ther-
mal insulation rate, that is, it is not viewed as thermal 
regulator medium, which can equally have cooling/
heating effects on the human body in heat/cold stresses 

to reach clothed human body – outdoor environment 
thermal equilibrium. Only positive values of clothing 
resistance rcl are considered when viewing clothing as 
a thermal insulation medium, with negative values, re-
ferring to warm/hot climates or weather, not being con-
sidered and equating these values simply to zero (e.g. 
Yan, 2005). A human is represented via metabolic cost 
M, which is a constant referring to either a standing hu-
man or a human walking at a speed of 4-5 km per hour 
(e.g. Błażejczyk & Krawczyk, 1994; Auliciems & de Fre-
itas, 1976; de Freitas, 1979). Interperson variation effects 
on rcl are not treated at all.

The aim of this study is to present a new clothing re-
sistance model and to analyze its behavior in differ-
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ent weather conditions. The model is able to treat inter-
person variation effect in estimating metabolic cost M 
as simply as possible, this is the main strength of the 
scheme recommended. The scheme’s behavior is ana-
lyzed strictly according to thermal equilibrium princi-
ples between the clothed human body and the outdoor 
environment. This means that rcl is interpreted as the 
heating/cooling effect of clothing on the human body 
in cold/warm weather; correspondingly it can possess 
not only positive values in cold weather, but also nega-
tive values in warm weather in order to maintain ther-

mal equilibrium. By analyzing the scheme’s behavior 
our goal is also to compare the effect of interperson 
variations and the effect of changing wind velocity on 
the evolution of rcl in different weather conditions. 

The scheme is briefly presented in section 2. Basic 
information regarding both the environmental and 
human data is described in section 3. The scheme’s be-
havior in terms of rcl is considered in section 4.1, and 
the comparative analysis of wind and interperson var-
iation effects on rcl is presented in section 4.4. Con-
cluding remarks are given in section 5.

Clothing resistance model

The model supposes that 1) the clothing covers the human body completely, 2) the clothing sticks strongly to the 
skin surface, 3) the clothing’s albedo is equal to the skin’s albedo, 4) the human is walking at a speed of 1.1 ms-1 
without sweating, 5) the latent heat of evaporation from the dry skin and from the clothing is equal and 6) the 
human body is represented as a single segment, that is a one-node human body model (Katić et al., 2016) is used. 
This physical representation of the clothed human body-air environment system is similar to that presented in 
Campbell and Norman (1998). The formulae and interpretation of clothing resistance parameter is new. 

Basic equations of thermal indicators

The model’s basic equations calculate the clothing resistance parameter rcl and the operative temperature To. 
These can be expressed as variables interdependent of each other or as variables that depend upon environmen-
tal factors; here both representations are presented,
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where ρ is air density [kgm-3], cp is specific heat at constant pressure [Jkg-1°C-1], Ta is air temperature [°C], TS 
is skin temperature [°C] (a constant, 34 °C), rHr is the combined resistance for expressing thermal radiative and 
convective heat exchanges [sm-1], Rni is the isothermal net radiation flux density [Wm-2], M is the metabolic heat 
flux density [Wm-2], λEsd is the latent heat flux density of dry skin [Wm-2], λEr is the respiratory latent heat flux 
density [Wm-2] and W is the mechanical work flux density [Wm-2] referring to the activity under consideration, 
in this case walking. Of course, eqs. (1) and (2) give the same result as eqs. (3) and (4).

Parameterizations of environmental and human factors

To use eqs. (1), (2), (3) and (4), we have to parameterize Rni, rHr, M, λEr, λEsd and W. Rni and rHr comprise envi-
ronmental, while M, λE8 , λEsd and W human effects. Net radiation is approached by isothermal net radiation as 
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where S is the global radiation, αcl is the albedo of clothing, ∈a is the atmospheric emissivity and ∈cl is the 
emissivity of clothing or skin. In this scheme αcl = 0.25 – 0.27, ∈cl=1. Global radiation is estimated via relative sun-
shine duration rsd according to Mihailović and Ács (1985),

α α[ ]= ⋅ + − ⋅1
0

S Q rsd( ) ,  [6]

where Q0 is the global radiation constant [MJ∙m-2∙hour-1] referring to clear sky conditions and a 1-hour time 
period and α is the corresponding dimensionless constant referring to the same hour. ∈a depends on clear sky 
emissivity ∈cs and cloudiness N (0 for cloudless and 1 for completely overcast conditions), 

∈ =∈ ⋅ − + ⋅1 0 9552
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where e is the vapor pressure [Pa]. ∈cs and ∈a are given according to Brunt (1932) and Konzelmann et al. (1994), 
respectively.

The combined resistance for expressing the thermal radiative and convective heat exchanges rHr is given by
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where D [m] is diameter of the cylindrical body used to approach the human body (Campbell & Norman, 
1998), U1.5 is the wind speed at 1.5 m (around breast height). U1.5 is calculated from U10 (wind speed at a height of 
10 m) using a logarithmic wind profile approach supposing neutral thermal stability. In this study, the effect of 
the direction of a walking human compared to the direction of wind speed is not considered, that is U1.5 does not 
represent air speed relative to the human body. 

According to Weyand et al. (2010) a walking human’s M can be expressed as,

= +M M M ,
b w  [10]

where Mb is the basal metabolic rate [W] (sleeping human) and Mw is the metabolic rate [W] referring to walk-
ing. Both terms can be estimated if gender, age [year], body mass Mbo [kg] and body length Lbo [cm] of the hu-
man considered are known. Frankenfield et al. (2005), reviewing different parameterizations, state that Mifflin 
et al.’s (1990) Mb parameterization is one of the best, 
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To be able to obtain Mb in [Wm-2], the human body surface A [m2] also has to be estimated. The Dubois and 
Dubois (1915) parameterization is used for estimating A [m2] taking Mbo and Lbo as inputs,
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Mw is parameterized according to Weyand et al. (2010) as follows,
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Formula (1) in Weyand et al. (2010) refers to a walking distance of 1 m. Since the reference walking speed in 
our model is 1.1 ms-1, Weyand et al.’s (2010) formula (1) is multiplied by the factor 1.1, and dividing this by A, we 
get Mw in [Wm-2].
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The λEsd + λEr sum can be expressed as a function of M according to Campbell and Norman (1998), 
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where eS(TS) is the saturation vapor pressure at skin temperature, ea is the actual vapor pressure, pa is the at-
mospheric pressure [hPa]. The constant 237.6 is given in [Wm-2]. W depends upon M. According to Auliciems 
and Kalma (1979), W can be expressed as 

( )= ⋅ −0 25W M M. .
b  [16]

Data

The scheme uses atmospheric and human data as in-
put data. Atmospheric data refer to the town of Mar-
tonvásár (geographical latitude 47.31 °N, geographical 
longitude 18.79 °E) located in the Central Transdanu-
bian region of Hungary (Figure 1a). 

According to Feddema (Ács et al., 2015) Marton-
vásár’s climate is “cool and dry with extreme varia-
tions of temperature”. Annual potential evapotran-
spiration is about 700 mm (cool climate), annual 
precipitation is about 550 mm, so there is an annual 
water deficit of about 150 mm (dry climate). Annual 
air temperature and annual average global radiation 
are 10-11 °C and 150 Wm-2, respectively. So, annual Rni 
is about 70 Wm-2. Wind speed of 1-2 ms-1 is the most 
frequent (about 30%). This and the average annual air 
temperature result rHr of about 100 sm-1. So, the aver-
age annual To is 16-17 °C. Correspondingly the mean 
annual clothing resistance is between 0.4 and 0.8 Clo. 

The first author of this study ran on 112 occasions in 
total at Martonvásár’s athletics track (Figure 1b) in the 
period August 9, 2016 – May 23, 2018. 

This is, on average, one occasion every six days. The 
time duration of each occasion was about 45-60 min-

utes; the beginning and the end of the time period is 
regularly registered. On these occasions human and 
meteorological data were also collected. In this study, 

1 Figures from 1a to 8 are constructed by R programming lan-
guage (R Core Team, 2019). Figure 1 is created by using func-
tions from packages mapdata (Brownrigg, 2018), maps (Brown-
rigg et al., 2018), geomapdata (Lees, 2012), GEOmap (Lees, 
2018), fields (Nychka et al., 2017).

Figure 1a. Area distribution of the elevation intervals and location of Martonvásár in 
Hungary¹

Figure 1b. The athletics track beside football field in 
Martonvásár (photo is made by Ferenc Ács)
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human data collected (sweating rate, running speed, 
etc.) are not used. From meteorological data air tem-
perature, air humidity, average and wind gust speeds 
and atmospheric pressure data are taken from the web-
site of Hungarian Meteorological Service (HMS) for 
that 10-minute period in the middle of running event’s 
time period. The HMS station-football field beeline dis-
tance in Martonvásár is 100-150 m. Relative sunshine 
duration and cloudiness are visually observed. Anticy-
clonic weather types prevailed during most of the oc-
casions, there was no case with rain of average or large 
intensity. The lowest/highest air temperatures are -10 
and 34 °C, respectively. Isothermal net radiation fluxes 
ranged between -82.6 and 482.4 Wm-2. Relative humid-

ity values ranged between 31 and 100%. Average wind 
speed changed from calm (0.1 ms-1) to high values (8.6 
ms-1). Wind gust was below 1 ms-1 twice, the maximum 
value registered was 13.4 ms-1. Lastly, atmospheric pres-
sure ranged from 999 to 1039 hPa.

Human data

The model needs the following human data as input 
data: gender, age, body mass and body length. These 
data are presented in Table 1 for three adult Hungar-
ian males. Data are taken from a Hungarian human 
dataset constructed at the Department of Biological 
Anthropology, Eötvös Loránd University, Budapest 
(Zsákai et al., 2015). 

Results 

First, the scheme’s general behavior is considered, then 
its sensitivity to wind variations and interperson vari-
ations of M is analyzed. Lastly, the results obtained by 
two sensitivity tests are compared to each other. 

The scheme’s behavior

The scheme’s behavior is analyzed in terms of rcl and 
rcl – To relationships. Evolution of rcl is simulated for 
112 occasions, when completely different environmen-
tal conditions prevailed. The most important atmos-
pheric variables (air temperature, isothermal net radi-
ation, average wind and wind gust) for the occasions 
considered are presented in Figures 2 and 3. 

The referring rcl evolution for person 1 using aver-
age wind speed and wind gust speed values is present-
ed in Figure 4.

Inspecting Fig. 4 it can be revealed that rcl values are 
governed by all three meteorological variables (tem-
perature, radiation, wind) (e.g. Matzarakis, 2007), but 
it seems to be that the most important variables are air 
temperature and isothermal net radiation. This can be 
easily seen comparing the evolution of Ta and Rni in Fig. 
2 and the evolution of rcl in Fig. 4. If their combined forc-
ing is positive for the given M (heat excess), rcl is nega-
tive (cooling is needed to reach heat balance, that is ther-
mal neutrality), and vice versa, when their combined 
forcing is negative (heat deficit), rcl is positive (heating 
is needed to reach heat balance, that is thermal neutral-
ity). Note that so far, only positive rcl values are consid-
ered in the scientific literature because of the heating ef-
fect of clothing. Since humans do not use garments with 
a cooling effect in everyday life, so far negative rcl values 

Table 1. Human characteristics of three Hungarian adult males 

Humans
Age 

[years]
Body 

mass [kg]
Body length 

[cm]

Basal meta- 
bolic flux 

density [Wm-2]

Walking energy 
flux density 

[Wm-2]

Total energy 
flux density 

[Wm-2]

Person 1: adult Hungarian male 64 89.0 190.1 36.0 94 130.0

Person 2: adult Hungarian male 53 95.0 179.0 38.0 108.0 146.0

Person 3: adult Hungarian male 24 120.0 179.0 42.0 124.0 166.0

Note that the interperson variation of M is not larger than 36 Wm-2. 

Figure 2. Evolution of representative air temperature and isothermal net radiation values for a running event at the 
Martonvásár athletics track
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in the scientific literature have not been considered at all. 
As we see in Fig. 4, rcl changes can be divided into four 
sections. In the first section (occasions 1–15, except occa-
sions 10, 11, 15) (from August 9, 2016 to October 15, 2016) 
rcl values are negative; in the second section (occasions 
16–51) (from October 25, 2016 to April 23, 2017), rcl values 
are positive; in the third section (occasions 52–80) (from 
April 26, 2019 to November 1, 2017) rcl values are nega-
tive or weakly positive (close to zero) and lastly, in the 
fourth section (occasions 81–112) (from November 5, 2017 
to May 23, 2018), rcl values are mostly positive except oc-
casions 105 and 112.

As it was mentioned, rcl is governed by all atmos-
pheric forcing variables (temperature, radiation, hu-
midity, wind). It is interesting to see the behavior of rcl 
for occasions 16 and 17, (October 25 and 29, between 
3–4 pm) when 15 > Ta > 13 °C but -26 < Rni < -20 Wm-2 
for higher (5.0 and 9.2 ms-1) and lower (1.7 and 3.9 ms-

1) wind speed values. In both cases Ta is around 14 °C, 
which together with Rni being around -20 Wm-2 re-
sults in an rcl value of about 1 Clo. rcl referring to a 
larger wind speed is, of course, larger than rcl refer-
ring to a lower wind speed, but not much larger. Log-
ically rcl values are larger for wind gust than for aver-
age wind for about 0.05-0.10 Clo, the corresponding 
To value changes are 0.3–0.5 °C. One typical summer 
case is represented on occasion 60 (June 13, between 
10-11 am). In this case, Ta = 26 °C, Rni = 482 Wm-2 and 
the wind is strong (average wind speed 6.1, gust wind 
speed 10.2 ms-1), the referring rcl and To values are -1.47 

and -1.14 Clo, 51.2 and 47.0 °C, respectively. As we see, 
in this case the effect of wind changes on rcl seems to 
be stronger than in the former two cases. 

It is also important to see the model’s behavior in 
the comfort zone (thermal neutrality), which is de-
fined as the zone where -0.2 < rcl < 0.2 Clo (a zone 
around rcl = 0 line). Among the 112 occasions there 
are 12 such occasions (occasions 8, 15, 53, 61, 68, 71, 74, 
76, 77, 78, 80 100) for average wind speed and person 
1. Meteorological forcings together with rcl, To and rHr 
values are presented in Table 2.

Inspecting meteorological forcings one can see that 
they can differ significantly, this is especially conspic-
uous for occasions 71 (clear sky, dry land-surface), 78 
(fog, moist grass) and 100 (partly cloudy, snow-cov-
ered land-surface), when sky and land-surface condi-
tions also differed enormously. The average value of 
meteorological forcings and human thermal variables 
are also given in Table 2. The average and the instan-
taneous values of meteorological forcings and human 
thermal variables are in accordance. These results are 
consistent with literature results, that is, they are com-
parable to them (e.g. Potchter et al., 2018). 

Sensitivity of rcl to wind speed variations

Wind speed variation is represented by comparison of 
average wind and wind gust referring to a 10-minute 
time interval. As mentioned, the 10-minute time inter-
val is in the middle or approximately in the middle of 
the running time period. rcl deviations for person 1 to 

Figure 3. Evolution of average wind speed and wind gust speed on running occasions at the Martonvásár athletics track

Figure 4. Evolution of clothing resistance of person 1 for average wind speed and wind gust speed values on running 
occasions at the Martonvásár athletics track
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variations of wind speed in the course of the running 
occasions can be seen in Figure 4. rcl deviations vary 
from very small (0.02 Clo) through middle (0.2-0.3 Clo) 
to large (0.5-0.6 Clo) or very large (about 1 Clo) values. 
Small rcl changes seem to be more typical in the case 
of heat deficit (for Ta > 0, Rni < 0; for Ta < 0, Rni > 0 or 
Ta < 0, Rni < 0), this can be observed for occasions 20, 
34, 39, 49, 69, 81, 96 and 103. Note that on occasion 30 
(Ta = -9 °C, Rni = 177.2 Wm-2) the rcl deviation is much 
larger, about 0.3 Clo. Large rcl deviations seem to be 
more typical in the case of heat excess, as in the course 
of occasions 55, 60, 65, 70 and 105. The largest rcl devi-
ation is denoted for occasion 55 (Ta = 23 °C, Rni = 452.9 
Wm-2), when the average wind speed is small (0.5 ms-

1), but wind gust speed is unequivocally larger than the 
average wind speed (2.5 ms-1). In this case, rcl changed 
from -3.02 for average wind speed to -1.81 Clo for wind 
gust speed, the corresponding To values changed from 
70 °C to 54.7 °C, respectively. Note that on occasions 60, 

65, 70 and 105 the average wind speed is not less than 1.7 
ms-1, that is, it cannot be considered as small. Moderate 
or larger rcl deviations can also be observed in the case 
of thermal neutrality (rcl close to zero), as on occasions 
68 and 78. Occasion 78 is interesting from that point of 
view that wind variation (average wind speed 0.3 ms-1, 
wind gust speed 1.4 ms-1) changed rcl from -0.2 Clo (a 
case of light heat excess, a cooling garment is needed) 
to 0.3 Clo (case of light heat deficit, a heating garment 
is needed). The same effect of wind variation on rcl de-
viations can also be observed for occasion 76.

Sensitivity of rcl to interperson variations of M

Table 1 reveals that M for a human walking at a speed 
of 1.1 ms-1 can vary a few tens of Wm-2 from human to 
human, so interperson rcl variations are also expect-
ed. rcl values for person 1 (rcl

1) and 3 (rcl
3) for all 112 oc-

casions are compared separately for average wind and 
wind gust in Figures 5 and 6, respectively.

Table 2. Instantaneous and average values of meteorological and human thermal variables referring to thermal 
neutrality (-0.2 < rcl < 0.2 Clo) on 12 occasions registered in the period August 9, 2016 – May 23, 2018. 

Occasion Air temp. [°C]
Net 

isothermal 
rad.[Wm-2]

Average wind 
speed [ms-1]

Clothing 
resistance 

[Clo]

Operative 
temp. [°C]

Combined 
heat exchange 

resistance [sm-1]

8 25 78.3 3.3 -0.15 30.0 77

15 14 172.9 2.6 0.04 26.4 87

53 17 100.4 1.7 0.07 25.1 97

61 29 -42.6 1.7 0.05 25.8 91

68 23 79.7 4.7 0.04 27.6 69

71 26 -26.2 1.7 0.13 24.0 93

74 19 42 0.5 -0.01 23.5 128

76 16 206.8 3.9 -0.07 29.0 76

77 18 159.0 5.0 0.09 27.1 69

78 10.5 114 0.3 -0.18 24.6 149

80 11.0 197 2.5 0.10 25.5 89

100 4.0 244.9 1.7 0.07 24.9 103

Average values

17.7 110.51 2.47 0.015 26.12 94

Figure 5. Evolution of clothing resistances of person 1 and 3 for average wind speed in course of running at the 
Martonvásár athletics track
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In both figures, systematic differences between rcl
1 

and rcl
3 can be easily observed. In heat deficit cases 

(rcl > 0), rcl
1 > rcl

3; in heat excess cases (rcl < 0), rcl
3 > 

rcl
1. In both cases, the relationship between rcl

1 and rcl
3 

is determined with the fact that M3 > M1 (M1, M3 are 
the metabolic activities of persons 1 and 3, respective-
ly). For instance, in a heat deficit case, when a heat-
ing garment is needed, less heating is needed for per-
son 3 than for person 1, since M3 > M1. Vice versa, in 
a heat excess case, when a cooling garment is need-
ed, less cooling is needed for person 3 than for person 
1, when To > TS, and vice versa, larger cooling is need-
ed for person 3 than for person 1, when To < TS. These 
latter cases can be observed during occasions 5, 8, 14, 
62, 76 and 78. rcl differences of about 0.3 Clo appeared 
many times, for instance, on occasions 18, 20, 27, 30, 

34, 35, 36, 38, 39, 50, 60, 65, 70, 87, 91, 96, 97, 98 and 111. 
The largest interperson rcl differences amount to about 
0.5–0.6 Clo. It should be mentioned that interperson 

rcl differences are slightly larger for average wind than 
for wind gust. 

The rcl(To) point distribution is of special impor-
tance; this point distribution can be called a person-
environment-curve. Personal characteristics are rep-
resented via M in rcl, environmental characteristics 
are in both rcl and To, but To is much less dependent 
on personal characteristics than rcl. Personal charac-
teristics in To are represented via D in the calculation 
of rHa, but D does not change so strongly from person 
to person as, for instance, U1.5 over the course of the 
time. In our analysis, D is taken as constant. The rcl-To 
point distributions for persons 1, 2 and 3 for all 112 oc-
casions separately for average wind and wind gust are 
presented in Figs. 7 and 8, respectively. The largest in-
terperson variations of rcl can be observed for average 

Figure 6. Evolution of clothing resistances of person 1 and 3 for wind gust speed in course of running  
at the Martonvásár athletics track

2 Figure is constructed by R functions from ggplot2 package 
(Wickham, 2016).

Figure 7. Clothing resistance-operative temperature dependence for average 
wind and for the persons considered. The number of points for one person is 

equal to the number of occasions 
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wind case in extremely warm and cold situations. For 
To = -8.9 °C rcl varies from 2.43 Clo through 2.13 Clo 
to 1.73 Clo; similarly, for To = 70 °C rcl variations are 
from -3.02 through -2.75 to -2.48 Clo. As we see, the 
maximum range of interperson rcl variations can be 
above 0.5 Clo, when To is either extreme cold or ex-
treme warm. Of course, larger To extremes than those 
registered can happen in Hungary. Note that interper-
son rcl variations are much smaller, almost negligible, 
in the vicinity of thermal neutrality (rcl values around 
zero), often called the comfort zone. For the persons 
considered and for average wind speeds, the comfort 
zone is in the 24-28 °C operative temperature inter-
val. For wind gust speeds, this temperature interval is 
somewhat higher. The smallest interperson rcl varia-
tions are in those points for which To is very close to TS 
(see eq. 4). For average wind, To = 34 °C on occasion 112 
(May 23, 2018), in this case there is only 1 point instead 
of 3 points. For wind gust, To = 34.2 °C on occasion 54 
(May 19, 2017) and To = 33.2 °C on occasion 13 (Octo-
ber 1, 2016), in these two cases closest to TS practically 1 
point can be seen instead of 3 points. Figs. 7 and 8 dif-
fer not only in these nuances, but also in the To rang-
es. For average wind, the To range is roughly between 

-10 and 70 °C, while for wind gust between -10 and 57 
°C. The effect of wind gust with respect to average wind 

on To seems to be strong especially in the cases of large 
heat excess (occasions 55, 60, 65, 70). The largest To shift 
towards lower values is obtained for occasion 55 (May 
23, 2017), then To decreased from 70 to 54.7 °C; the cor-
responding wind speed values are only 0.5 and 2.5 ms-

1. The To change is also great on occasion 70 (July 30, 
2017), in this case To dropped from 65.2 to 57.0 °C, the 
corresponding wind speed values are 1.7 and 4.7 ms-1. 
In a heat deficit case, occasions 30 and 90 can be men-
tioned, the simulated To decreases are about 3 °C. Oc-
casion 100 can be mentioned as a case of thermal neu-
trality, then To dropped from 24.9 (average wind of 1.7 
ms-1) to 20 °C (wind gust of 3.9 ms-1). 

Comparison of the two sensitivity test’s results

The effect of wind speed variation and the interperson 
variation of M on rcl (briefly WS and M effects) can 
be compared by parallel analysis of Figs. 4 and 5. It 
can be observed that the WS effect seems to be larger 
than the M effect in heat excess cases (sections 1 and 3 
in Figs. 2 or 4) and vice versa the M effect seems to be 
larger than the WS effect in heat deficit cases (sections 
2 and 4 in Figs. 2 and 4). Of course, representation of 
wind speed variations and interperson variations of M 
can vary; consequently the relationships obtained are 
valid strictly only for the conditions defined.

Conclusions

A new clothing resistance model for estimating out-
door thermal load is presented and its behavior is an-
alyzed in different weather conditions. The basis of 

the model is formed by energy balance equations re-
ferring to human body-clothing and clothing-air en-
vironment interfaces. The human considered is a hu-

Figure 8. Clothing resistance-operative temperature dependence for wind 
gust and for the persons considered. The number of points for one person is 

equal to the number of occasions 
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man walking at a speed of 1.1 ms-1 who is not sweating. 
Weather data are taken from the internet site of the 
Hungarian Meteorological Service; the source of hu-
man data is a Hungarian human dataset construct-
ed at the Department of Biological Anthropology, 
Eötvös Loránd University, Budapest (Zsákai et al., 
2015). rcl is interpreted according to thermal equilib-
rium principles. It can be positive/negative when en-
vironmental heat deficit/excess exists, which can be 
brought to thermal equilibrium by using garments 
exerting heating/cooling effects. Such an interpreta-
tion of rcl is new. Simulated rcl values are not checked 
in a cold environment by independent registration of 
garments and by measuring their thermal conductiv-
ity. This is a task for the future. The scheme reproduc-
es cold and thermally neutral situations well, similar-
ly no weaknesses are registered in warm or extremely 
warm conditions. The sensitivity to interperson varia-
tions of metabolic activity showed by the scheme was 
not negligible. This sensitivity is the largest in extreme 
cold and/or warm conditions. Then the rcl differences 
registered can reach 0.5-0.7 Clo. In the comfort zone 
the sensitivity of rcl to interperson variations of M is 

much less, and can be neglected. Under average wind 
speed conditions the thermal neutrality (rcl ≈ 0) is lo-
cated in the 24-28 °C operative temperature interval. 
rcl sensitivity to wind speed variations seems to be the 
largest in heat excess conditions. The largest rcl differ-
ence obtained in such a case is 1.2 Clo, the correspond-
ing To values changed from 70 (average wind speed 
0.5 ms-1) to 54.7 (wind gust speed 2.5 ms-1) °C. This rcl 
difference is the largest among all rcl differences ob-
tained in the scope of sensitivity tests. Regarding the 
effects of interperson variations of M and of changing 
wind velocity on the evolution of rcl under different 
thermal loads, a definite conclusion cannot be made. 
More tests have to be made taking into account larg-
er variations in M and more extreme weather condi-
tions. The scheme proposed is applied using weather 
data, but there is no obstacle for its application using 
climate data. Regardless of the data used one of the 
major strengths of the scheme is that it is able to treat 
interperson variations of the metabolic cost as simply 
as possible. We intend to use it in the future as soft-
ware for characterizing personal heat thermal load of 
weather and/or climate. 
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