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Abstract 

We analyzed the human thermal load of summer weather in the Cfb climate based on the results of a
new model based on the human body energy balance equation and the skin surface evaporation gradient
formula. The active surface of the model is the skin surface, the person is lying in a resting position,
its skin type is Fitzpatrick skin type IV. For that purpose, longitudinal research method was performed
in 2022 in Martonvásár, Hungary (East-Central Europe), comprising 331 observations in which weather
conditions and thermal sensation types were recorded simultaneously. The main observation is that in
warm climates and/or weather situations, the amount of thermal load can be very simply characterized by
latent heat flux density values of the skin evaporation. From a human point of view, the most important
characteristics of summer weather in the Cfb climate are as follows: 1) The latent heat flux density
of skin surface evaporation varied between 10 and 300-350 Wm-2, while the operative temperature
ranged between 25 °C and 80 °C. 2) The relationship between skin surface evaporative resistance and
operative temperature can be characterized by an exponential function. In cases of thermal sensation
type „neutral”, skin surface evaporative resistance values are mostly above 0.5 hPa·m2·W-1. Observations
made by people with different skin types are essential to generalize the results.
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Introduction

Experiencing thermal load is deeply subjective (von 
Humboldt, 1845), especially during the summer sea-
son when the excess of heat approaches its maximum 
values (Hantel & Haimberger, 2016). Table 1 gives a 
brief overview of the climatological methods for char-
acterizing heat excess. As we see, the examination of 
heat-excess can be linked, but does not necessarily have 
to be linked to living beings. Even today, the statistical 

analysis of data in space and time is a frequently used 
methodology. The analysis of heatwaves and warm ex-
tremes has grown in popularity recently (Basarin et al., 
2020). The vast majority of the studies are not related 
to the living world (Bokros & Lakatos, 2022; Megyeri-
Korotaj et al., 2023; Boras et al., 2022), but it should 
be emphasized that several studies have dealt with the 
investigation of the relationship between heat waves 
and mortality, or illnesses (Fouilett et al., 2006; Páldy 
et al., 2018; Khosla & Guntupalli, 1999). Among the 
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many climate indices, the tourism climate index (TCI) 
should be mentioned (Mieczkowski, 1985). The index 
is applied to actual conditions and tries to express the 
simultaneous, integrated effect of several meteorologi-
cal elements on the tourist’s comfort in a quantified 
form. It should be mentioned that there are newer 
modified versions of this index (Kovács et al., 2017). 
However, in TCI the human being is not specified. 

In contrast to extreme events and targeted applica-
tions, climate has annual and/or seasonal characteris-
tics. The most common method for describing the an-
nual characteristics of the climate (averages and fluc-
tuations) is the method of the Köppen (Köppen, 1936). 
Köppen’s method is vegetation-based (Köppen, 1900), 
it is designed for biome-scale applications. In Köppen’s 
climate formula, the 3rd symbol (a – hot summer, b – 
warm summer, c – cool summer, d – extremely con-
tinental) characterizes the type of summer heat avail-
ability (Kottek et al., 2006), which is independent from 
the type of the biome. In summary: Köppen’s method 
do characterize summer, but only for orientation. 

In contrast to Köppen’s method, the heat index (HI) 
only focuses on the summer period. The thermal load 
subject is a human. This “standard human” represents 
a group of people. In the case of HI, it is 170 cm tall, 
weighs 67 kg, walks in the shade at a speed of 1.5 ms-1 
in a light breeze of 2.7 ms-1, wearing long pants and 
a short-sleeved shirt (Mohan et al., 2014). The human 
characteristics are not taken into account in calculat-
ing HI values, but they are included implicitly in the 
categorization of heat risk. The method requires only 
2 input data: air temperature and relative humidity. It 
is described and applied, for instance, in Hungary in 
the period 1971-2020 by Bátori (2022). In the United 

States, HI is also used in meteorological operational 
practice.

In our days and age, the use of energy balance-
based methods in biometeorological applications has 
become widespread (Potchter et al., 2018). By calcu-
lating the energy balance of the human body covered 
with clothing, the effect of human characteristics on 
thermal load can also be analyzed. Thus, these meth-
ods make it possible to simulate the subjective expe-
rience of the climate (von Humboldt, 1845). Among 
these, the two most popular methods are the PET 
(Physiologically Equivalent Temperature) and UTCI 
(Universal Thermal Climate Index) methods. Both 
methods use „standardized human”, the advantage is 
that the thermal load is to be applied to a group of peo-
ple, the disadvantage is that the subjective nature dis-
appears in the characterization of the human-climate 
relationship. We emphasize that the climate is what we 
perceive it to be. It should be noted that the „standard-
ized human” in the PET, UTCI, and HI methods are 
different and tend to be men. In the Austria-Hungary 
region, the PET index was used most often (Matzarakis 
et al., 2005; Matzarakis & Gulyás, 2006). There is also 
a study that focus on estimating the thermal load in 
the summer months (Gulyás & Matzarakis, 2009). 
However, the assessment of summer warm extremes 
using the PET or UTCI methods is becoming wide-
spread (Basarin et al., 2020; Błazejczyk et al., 2014; 
Pecelj et al., 2019).

The simplest energy balance-based method is the 
one that uses the concept of required skin evapora-
tion (Parsons, 1997). The method can only be used in 
climatic or weather conditions that cause excess heat. If 
there is no heat storage, then the skin evaporation (prac-

Table 1. Brief overview of the climatological methods for characterizing environmental heat excess.

Methods Chosen features

Climatic characteristic Living being  The size of the living
community

Data analysis heat waves, warm
extremes, climate indices

Heat index thermal load in warm
period human group of people

Köppen’s method seasonality vegetation biome size

Physiologically
equivalent temperature thermal load human group of people

Universal Thermal
Climate Index thermal stress human group of people

Concept of the required
skin evaporation

thermal load in warm
period human individuals
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tically sweating as his value changes) that compensates 
for the excess heat is the required skin evaporation, and 
therefore this must be determined as a residual term in 
the energy balance equation. Although the method is 
very simple, it is less widely used due to the more com-
plicated determination of other terms that make up the 
energy balance. To the best of our knowledge, there are 
no studies dealing with quantification of summer excess 
heat based on the concept of required skin evaporation. 
This study aims to fill this gap. 

The specific objectives of this study are as follows: 
to characterize the relationship between 1) latent heat 
flux density of required skin evaporation (λEtotreq) and 
operative temperature (To), 2) λEtotreq and thermal 
perception types and 3) skin evaporative resistance 
(rskin) and To. 4) We also aimed to test the behavior of 
the model to changes in skin albedo. Finally, 5) we also 
talk about the applicability of the model. It should be 
noted that the longitudinal experiment is performed 
in lowland area of the Pannonian region (Hungary, 
Martonvásár) in the summer of 2022. The person was 
wearing minimal summer clothing and was always in 
a lying position. 

Methodology 

The study is conducted using the longitudinal re-
search method. An important part of the study is the 
observation of thermal perception. Since thermal per-
ception observations occurred, information about skin 
type is also essential. Fitzpatrick skin typing method 
is used for characterizing skin type. Human thermal 
load is characterised by latent heat flux density of the 
required skin evaporation. Thermal perception type 
results were derived by strict application of an obser-
vation protocol. Finally, thermal load and thermal sen-
sation type results are carefully checked and filtered. 
The listed methodological elements are now described 
one by one.

Longitudinal observations

The basic methodology of this study is longitudinal 
observation. One person (hereafter observer) per-
formed long-term, concurrent thermal load estima-
tions and thermal perception observations in the sum-
mer of 2022. There were a total of 331 observations. 
The methodological elements used by the observer 
during each observation are described below. 

Basic equations of the model

If there is no heat storage (constant surface tem-
perature), the energy balance of the skin surface of the 
human body can be written as follows,

ܴ௡ ൅ ܯ െ�ɉ�௥ െܪ�௥ െܹ െܪ�௦ െ �ɉܧ௧௢௧ ൌ Ͳǡ�� (1)

where Rn is the net radiation energy flux density [Wm-
2], M is the metabolic energy flux density [Wm-2], 
λEr is respiratory latent heat flux density [Wm−2], Hr 
is respiratory sensible heat flux density [Wm−2], W is 
mechanical work flux density [Wm−2], which refers to 
the activity being carried out, HS is sensible heat flux 
from the skin surface [Wm−2] and λEtot is latent heat 
flux density of the skin evaporation [Wm-2]. In this 
model, M = 55 Wm⁻² and W = 0 Wm⁻² since the per-
son is in a lying position.  

The latent heat flux density of skin surface evapora-
tion can also be expressed using the gradient formula,

ɉܧ௧௢௧ ൌ ߩ ή ܿ௣ߛ � ή �� ሾ݁ௌሺ ௦ܶሻ െ�݁௔ሿݎ௦௞௜௡ ൅ݎ�ு௔ �ǡ��� (2)

where ρ is air density [kgm−3], cp is specific heat at 
constant pressure [Jkg−1°C−1], γ is psychrometric 
constant [hPa°C−1], Tskin is skin surface temperature 
(34 °C) (Campbell & Norman, 1997), eS(Tskin) [hPa] 
is saturation vapor pressure at Tskin, ea is actual vapor 
pressure [hPa], rskin is the evaporative resistance of 
skin surface [sm-1] and rHa is the aerodynamic resist-
ance for expressing convective heat exchange effect 
[sm−1].

Applying the model conditions, we can express 
λEtot and rskin from equations (1) and (2), �ɉܧ௧௢௧ ൌ ܴ௡ ൅ܯ െ�ɉ�௥ െܪ�௥ െܪ�௦ǡ�� (3)

௦௞௜௡ݎ ൌ ߩ ή ܿ௣ߛ � ή �� ሾ݁ௌሺ ௦ܶሻ െ�݁௔ሿܴ௡ ൅ ܯ െ�ɉ�௥ െܪ�௥ െܪ�௦��െݎ�ு௔ǡ��� (4)

When estimating λEtotreq, we use not only equation 
(3), but also equation (4). Namely, λEtotreq = λEtot if 
rskin 0.  

Parametrizations

Radiation: Rn is parameterised as simply as pos-
sible,ܴ௡ ൌ ܵ ή ሺͳ െߙ�௦௞௜௡ሻ ൅�߳௔ߪ ௔ܶସ െ�߳௦௞௜௡ߪ ௦ܶ௞௜௡ସ ǡ� (5)

where S is incoming solar radiation [Wm−2], σ is 
Stefan-Boltzmann constant [Wm-2K-4],  is emissivity of 
the cloudy sky, Ta is air temperature [°C], αskin is skin 
surface albedo and is emissivity of the skin surface. In 
this study, αskin = 0.27 (concentration of melanosomes 
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in epidermis is 2.5%, (Nielsen et al., 2008)),  . S is esti-
mated according to the work of Ács et al. (2025),ܵ ൌ �ܳ଴� ή ሾߙ ൅ ሺͳ െ ሻߙ ή ሿǡ� (6)݀ݏݎ

where Q0 is solar radiation constant [MJ∙m-2∙hour-1] 
referring to clear sky conditions and a 1-hour time 
period, α is the corresponding dimensionless constant 
referring to the same hour and rsd is relative sunshine 
duration.  depends on clear sky emissivity  and cloudi-
ness N (0 for cloudless and 1 for completely overcast 
conditions),߳௔ ൌ � ߳௖௦ � ή ሺͳ െ�ܰଵǤ଺ሻ ൅ ͲǤͻͷͷʹ ή ܰଵǤ଺ǡ�� (7)߳௖௦ ൌ ͲǤͷͳ ൅ ͲǤͲ͸͸ ή ඥ݁௔�Ǥ� (8)߳௖௦� and G�߳௔� are given according to Brunt (1932) and 
Konzelmann et al. (1994), respectively.
Heat flux densities: λEr and Hr depend upon M, they 
are parameterized according to Fanger (1970) as fol-
lows,ɉ�௥ ൌ ͳǤ͹ʹ ή �ͳͲିହ ή � ή ሺͷͺ͸͹ െ�݁௔௣ሻǡ��� (9)

௥ܪ ൌ ͳǤͶ ή ͳͲିଷ ή ܯ ή ሺ ௦ܶ �െ � ௔ܶሻǡ��� (10)

where eap is actual vapor pressure [Pa]. HS is expressed 
as 

௦ܪ ൌ ߩ ή ܿ௣ ή ௦ܶ െ ௔ܶݎு௔ ǡ�� (11)

rHa depends upon wind velocity (Campbell & Norman, 
1997),

ଵሿି݉ݏு௔ሾݎ ൌ ͹ǤͶ ή Ͷͳ ή ඨ ଴Ǥହܦܷ �ǡ� (12)

where D is the diameter of the cylindrical body used 
to approach the body of the observer (Campbell & 
Norman, 1997), U0.5 is the wind speed at 0.5 m height 
(sunbed height).

Operative temperature: It depends upon air tem-
perature, net radiation flux density and wind speed 
(Campbell & Norman, 1997) as follows,

௢ܶ ൌ � ௔ܶ ൅ � ܴ௡ߩ ή ܿ௣ ή ு௔Ǥ� (13)ݎ

Estimation of thermal sensation

Each thermal sensation observation is performed 
according to the following observation protocol: 1) 
the observer always started the observation with a 
„neutral” thermal sensation, that is, he started from a 
place of about 24–26 °C, 2) all observations were made 
wearing the same sports garment, which was (the ob-
server was male) put on immediately before starting 
the observation (we emphasize that the observer was 
not wearing other clothing than the sports garment), 
3) the observer always performed the observation in 
a supine position for at least 10 minutes lying on the 
sunbed shown in Figure 1, 4) the beach pillow was al-
ways stored in a place where the thermal sensation was 
„neutral” and 5) all data were registered immediately 

Figure 1. The observer during a thermal perception observation. His anthropometric data are as follows: body mass 89 kg,
body height 190 cm, and age 67 years
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(observed thermal sensation type and the meteoro-
logical variables) after the observation. 

As we can see, we used the human body’s thermal 
sensors as a monitoring tool. This has advantages and 
disadvantages. A major advantage is that the thermal 
sensation is human-based, as every living being (spe-
cies, individual) experiences and perceives the same 
thermal supply differently. Its disadvantage is that it is 
difficult to quantify, i.e. it is less exact, and it is subjec-
tive. The variability of subjectivity is not great, we can 
state this based on our experience. The fact that the 
thermal sensation is described in words rather than 
numbers should not be considered a disadvantage. 

Management of thermal sensation and thermal 
load data 

Weather and thermal sensation data are collected 
concurrently. The following data management pro-
tocol was applied after each observation: 1) Human 
thermal load characteristics (latent heat flux density of 
the skin evaporation and evaporative resistance of the 
skin) were calculated immediately after each observa-

tion, 2) the cases when the method was not applicable 
(rskin < 0) were eliminated, 3) the consistency between 
thermal load characteristics and thermal perception 
types observed was checked and 4) we have always 
tried to interpret the relationships that cause thermal 
load. The printed list of output variables calculated 
with the model is shown in Figure 2.

The designation of the selected variables can be 
found in the title of Figure 2. Looking at Figure 2, we 
can notice negative rskin values (penultimate column).

Fitzpatrick skin typing method

Fitzpatrick skin typing method (Fitzpatrick, 1975) 
is a well-known method for classifying human skin 
types. It uses three input variables: skin color (a nu-
merical value on a scale 1-30), eye color (a numerical 
value on a scale 1-16) and hair color when the person 
is young (a numerical value on a scale 1-10). The clas-
sification is done based on the sum of the points. The 
scores and Fitzpatrick skin types are presented in Table 
2.

Figure 2. A cutout image of the model results. Notations: Y - year, M - month, D - day, TA2 - air temperature [oC], RN -
radiation balance [Wm-2], S - global radiation [Wm-2], N - cloudiness, TO - operative temperature [oC, HS - sensible heat
flux density from the skin surface [Wm-2], ETOT - latent heat flux density of skin surface evaporation [Wm-2] and RSKIN
- skin surface resistance to evaporation [hPa·m2·W-1]

Table 2. Fitzpatrick skin types

Type Scores Skin color characterization Skin tone

I 0-6 Caucasian, blond/red hair, freckles, fair skin, blue eyes very fair

II 6-13 Caucasian fair

III 14-20 Darker Caucasian, light Asian fair to medium

IV 21-27 Mediterranean, Asian, Hispanic medium

V 28-34 Middle Eastern, Latin, light-skinned black, Indian olive to dark

VI 35+ Dark-skinned black very dark



287Geographica Pannonica • Volume 29, Issue 4, 282–293 (December 2025)

Ferenc Ács, Erzsébet Kristóf, Annamária Zsákai

Location

The region and the location are presented in Figure 
3. Town Martonvásár is located in the lowland area of 
Hungary. Within Martonvásár, the observations took 
place in the garden of a family house, the basic tools 
required for the observation are also shown in Figure 
3 (on the right).

Martonvásár is located in the Central Transda-
nu bian Region. This region is hilly, so the variety of 
meso- and microclimates is somewhat greater than in 
the plain areas. The Köppen method does not see this 
variability, but neither does the variability of summer 
heat supply conditions, especially in terms of human 
thermal load. The following observations and analyses 
are intended to fill this gap. 

Data

Weather and human data are used. 

Human data

Two human data types are used: a) data needed for 
identifying skin type (skin color, eye color and hair 
color at a young age) and b) data characterizing ther-
mal perception type. Data for identifying skin type are 
presented in Table 3. 

Thermal perception data are registered on a 
7-grade scale, which contains the following grades: 
“very warm”, “warm”, “slightly warm”, “neutral”, “cool”, 
“cold”, “very cold”. In this study, by definition, we only 

used the first 4 thermal perception types. The method 
is not applicable to cold thermal perception types. We 
can see that the terminology used to indicate thermal 
perception types is somewhat different from the com-
monly used terminology (Enescu, 2019). We did not 
distinguish between „very warm” and „unbearably 
warm/hot”. Further discussion of human data can be 
found in the section Results.  

Weather data

We used the following weather data: air tempera-
ture, relative humidity of air, average wind speed, wind 
gust speed, air pressure, relative sunshine duration 
and cloudiness. All the elements, except for the last 
two, were measured by the automatic station of the 
company Időkép. The data are taken from the website 
of the company Időkép (https://www.idokep.hu/). The 
beeline distance between the station and the observer’s 
location (garden of a family house) is shorter than 3 
km. Cloud cover and relative sunshine duration data 
are provided by the observer. Cloud cover is estimated 
visually in tenths. Relative sunshine duration refers to 
the observer’s body because the human body’s thermal 
load is to be estimated. In 2022, there were 331 obser-
vations made between May 12 and September 18. The 
observations not only recorded many cases, but also 
cases with the lowest and highest heat loads, so multi-
year observations were not necessary. 

Among weather elements, more attention will be 
paid to air temperature, incoming solar radiation and 

Table 3. Input variables for determining Fitzpatrick skin type and the Fitzpatrick skin type of the observer

Person Skin color 
(scale 1-30)

Eye color 
(scale 1-16)

Youthful hair 
color (scale 

1-10)
Sum of points Fitzpatrick skin type 

and its description

Observer 7 8 8 23 IV, moderate brown skin

Figure 3. On the left, the location of the observation is Martonvásár, it is presented on a topographical map of 
Hungary. On the right, the sunbed and the beach pillow for monitoring the thermal sensation without observer 
in the garden of the observer’s house
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relative air humidity. The air temperature values obtained   during thermal perception observations are shown in 
Figure 4. 

We can see that the lowest air temperature values were around 16 oC (minimum is 15.9 oC), the highest 
around 37 oC (maximum is 37.2 oC). In the vast majority of the cases, air temperature was higher than 25 oC. 
In summer, in addition to temperature, incident solar radiation also plays a decisive role. The values of incident 
solar radiation estimated during the observations are shown in Figure 5.  

Figure 5. The incoming solar radiation values during thermal perception observations

The smallest value was 49 Wm-2, the largest value was 870 Wm-2. In the vast majority of cases the values 
exceeded 300 Wm-2. Due to the estimation of skin surface evaporation, air humidity is an important input data. 
The evolution of these data during the observation period is shown in Figure 6. 
 
Figure 6. The relative air humidity values during thermal perception observations

Figure 4. The air temperature values during thermal perception observations
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The values varied between 20-80% (minimum 
value was 21%, maximum value was 88%), but the 
majority of values were below 50%. Wind speed values 
(not presented here) varied within wide limits. Average 
wind speed values varied between 0.5-8 ms-1, wind 
gust speed values between 1.4-13.3 ms-1. The highest 
wind speed values were in the afternoon on July 10. In 
the majority of the cases, average wind speed varied 
between 1.5-3 ms-1. 

Results

Several results are presented and discussed. Firstly, 
we give some basic information regarding M and the 
skin type of the observer. After this we characterize the 
relationship between λEtot and operative temperature 
as well as the relationship between thermal perception 
types and λEtot. The relationship between rskin and 
operative temperature is also presented and analysed.  
Finally, we examined the sensitivity of λEtot to changes 
in skin albedo and we will talk also about the applica-
bility of the model.  

Observer’s M value and skin type

When choosing the observer’s M value of, we took 
into account the values of the observer’s heart rate (58-
65 BPM (beats per minute)), as well as the value range 
of resting metabolic heat flux density (Mr) (ISO8996, 
2004). Mr’s range is 55-70 Wm-2. The Mr value of the 
observer was chosen to be low, because his resting 
heart rate values are lower. Based on the information 
presented in Tables 2 and 3, the observer’s skin type 
is skin type IV on the Fitzpatrick skin type scale. 
The skin color characterization of this skin type is 

“Mediterranean, Hispanic”. This additional informa-
tion about skin type is given because we made thermal 
perception observations.

Relationship between skin evaporation and 
operative temperature

The scatter chart of λEtot–To relationship is pre-
sented in Figure 7. 

λEtot is the sum of evaporation from dry skin λEds 
and sweaty skin λEsw. It should be mentioned that 
λEsw can be estimated as the difference between λEtot 
and λEds. λEds can be parameterized, for instance, as a 
function of Tskin (Parsons, 2003). The point cloud can 
be divided into 2 parts. In the range 25 oC < To < 45 
oC, the change of λEtot as a function of To can be con-
sidered linear, the maximum values of λEtot are around 
100 Wm-2, the thermal perception types are „neutral” 
(smaller To) and „slightly warm” (larger To). In the 
range 45 oC < To < 80 oC, the scatter of the points 
is significant, and the amount of scatter increases 
with increasing To. The maximum values of λEtot are 
around 300-400 Wm-2. For To = 70 oC, λEtot is scat-
tered between 170 and 320 Wm-2. We can see that in 
the case of thermal perception types „warm” and „very 
warm”, the points characterizing the λEtot-To relation-
ship are irregularly scattered and cannot be character-
ized by a regression relationship.

Relationship between thermal perception types 
and skin evaporation

The relationship between thermal perception types 
and λEtot is presented in Figure 8.
 

Figure 8. Scatter chart of thermal perception as a function
of latent heat flux density of skin surface evaporation

Figure 7. Scatter chart of the latent heat flux density of skin
surface evaporation as a function of operative temperature
at actual average air humidity and wind speed. Thermal
perception types experienced during the observations can
also be seen based on the coloring of points
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In the range 20 Wm-2 ≤ λEtot < 160 Wm-2 (ex-
cept for 1 observation), thermal perception type is 
“neutral”. In the range 50 Wm-2 ≤ λEtot < 200 Wm-2 
(except for 8 observations), thermal perception type is 
“slightly warm”. It can be seen that there is a large over-
lap between the thermal perception types „neutral” 
and „slightly warm”. Thermal perception type “warm” 
appeared in the range 130 Wm-2 ≤ λEtot < 340 Wm-2 
(except 3 observations). Thermal perception type 
“very warm” is becoming to be typical in the range 340 
Wm-2 < λEtot. This range is the same as the To ≥ 75-
80 oC range. Note that we did not distinguish between 
thermal perception types „very warm” and „hot” or 
„unbearably hot”. These latter thermal perception 
types occur when air temperature is at least 25 oC and 
incoming solar radiation is at least 700 Wm-2.

Relationship between evaporative resistance of 
skin and operative temperature

The scatter chart of evaporative skin resistance–op-
erative temperature relationship is presented in Figure 
9. 

Figure 9. Scatter chart of the evaporative skin resistance
as a function of operative temperature at actual average
air humidity and wind speed. Thermal perception types
experienced during the observations can also be seen based
on the coloring of points

Each point in the figure represents an observation. 
The change of rskin as a function of To is clearly vis-
ible. The points can be approximated by the following
exponential function:ݎ௦௞௜௡ ൌ ͳͻǤͳ͹ ή �݁ି଴Ǥଵ଴ଵ଻ή୘୭Ǥ�

In the range 30 oC ≤ To < 35 oC, rskin decreases 
sharply with increasing To. The perceived thermal 
sensation type is mostly „neutral”. In the range 35 oC ≤ 
To < 50 oC, the rate of reduction of rskin with increasing 
To is much smaller than in the former case. The ther-

mal sensation types are mostly „slightly warm” and 
„neutral”. A reduction of rskin as a function of To can 
still be observed in the range 50 oC ≤ To < 70 oC. The 
thermal perception types are mostly „slightly warm” 
and „warm”. In this range, the thermal perception type 
„very warm” was also registered once. In the range 
70 oC ≤ To, the reduction of rskin as a function of To 
is practically negligible, rskin can be taken as constant, 
its value is equal to or less than 0.005 hPa·m2·W-1. In 
this range, the thermal perception type „very warm” 
appears and its frequency increases considerably with 
increasing To.

Sensitivity of skin evaporation and evaporative 
resistance of skin to skin albedo

The comparison of λEtot values for lower (0.13) and 
higher (0.27) skin surface albedo values is shown in 
Figure 10.

Figure 10. Scatter chart of latent heat flux density of skin
evaporation simulated by lower (albedo value 0.13) and
higher (albedo value 0.27) skin albedo values. Thermal
perception types experienced during the observations can
also be seen based on the coloring of points

Since λEtot is calculated as the residual term of the 
energy balance equation, it makes sense that λEtot0.13 
> λEtot0.27. The λEtot0.13 - λEtot0.27 differences increase 
with increasing λEtot moving towards warm thermal 
perception types. Thus, for instance, in the thermal 
perception type “very warm”, λEtot0.13 - λEtot0.27 differ-
ences are around 100 Wm-2. This change is also beau-
tifully reflected in the ratio of rskin values (Figure 11).
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Figure 11. Scatter chart of the skin evaporative resistance
simulated by lower (albedo value 0.13) and higher (albedo
value 0.27) skin albedo values. Thermal perception types
experienced during observations can also be seen based on
the coloring of points.

Based on the model, it makes sense that rskin0.13 
is smaller than rskin0.27 because λEtot0.13 is larger than 
λEtot0.27. It can be seen that the rskin0.13/rskin0.27 ratio 
decreases moving from the thermal perception type 
„very warm” to the thermal perception type „neutral”. 
This ratio is the smallest when the thermal perception 
type is “neutral”. This ratio is higher in the „warm-neu-
tral” situations and lower in the „cold-neutral” situa-
tions. The “warm-neutral” thermal perception type is 
the „slightly warm” side of the “neutral” thermal per-
ception type, and conversely, the “cold-neutral” ther-
mal perception type is the „cool” side of the „neutral” 
thermal perception type. Note that rskin0.27 is almost 
double of rskin0.13 in the thermal perception range 
“cold-neutral”. It is interesting to see that the albedo 
value of the skin surface determines the magnitude of 
evaporative resistance (rskin value) when the thermal 
sensation type is „neutral”. 

Applicability of the model

By definition, the model cannot be applied if the 
rskin value is negative. This can happen in two cases: 
when 1) the first term of eq. (4) is smaller than the rHa 
term and when 2) the first term of eq. (4) has a nega-
tive sign. The first case occurs when the Rn values are 
very large; the second case occurs when the Rn values 
are very small. In both cases, incoming solar radiation 
is a determining factor. When solar radiation is high, 
above 700 Wm-2, the Rn values are around 400 Wm-2, 
and when wind speed is lower or moderate, the first 
term of eq. (1) will be smaller than the rHa term. Of 
course, air temperature is at least around 20-25 oC. In 
these cases, the thermal perception type „very warm” is 
the most common. When solar radiation is low, about 

100 Wm-2, or even smaller, Rn values can be around 0 
or even negative, and thus the denominator of the first 
term of eq. (4) can become negative. In such cases, the 
thermal perception type is „neutral”.

Discussion

The presented model is obviously simple. It uses the 
concept of required sweating (Parsons, 1997) as well as 
the evaporation gradient formula. The use of the gra-
dient formula is also an important part of the model, 
so we can also estimate the value of the skin surface 
evaporative resistance, which is naturally always 
greater than or equal to zero. With this methodologi-
cal innovation, we have made the concept of required 
skin surface evaporation completely universal, as the 
concept not only fulfills the energy balance, but also 
the physical laws characterizing the transfer of water 
vapor (Monteith, 1965). Another unique feature of the 
model is that the active surface is the skin surface (not 
the clothing surface). Therefore, we preferred to look 
at a person in a lying position. Thanks to this, human 
variability is not determined by the variability of meta-
bolic heat flux density values, but by the variability of 
skin types. That’s why it was important to specify the 
skin type of the person suffering from heat stress.

Nowadays, only fewer studies link information 
from climate type and human thermal load (e.g. Yang 
& Matzarakis, 2019; Blazejczyk et al., 2015; Ács et al. 
2020; Ács, 2024). In all of these studies, the persons, 
or the „standard human” wear clothing, i.e., the active 
surface used in the model is the clothing surface. To 
the best of our knowledge, the skin surface has not yet 
been used as an active surface. It should be emphasized 
that, according to Monteith (1965), every surface type 
has an evaporative resistance value. From this perspec-
tive, our approach is entirely justifiable - even if it is not 
common. Due to the above, our results are new and 
provide a human-based characterization of the sum-
mer weather conditions of the Cfb climate. The λEtot 
values varied between 10 and 300-350 Wm-2, mean-
while 25 oC < To < 80 oC. It should also be noted that 
the simulated λEtot results were not verified by com-
paring them with other measurement or model calcu-
lation results. However, the λEtot results were always 
compared with the observed thermal sensation type 
results, and their consistency was perfect. Note, when 
To is around 35 oC (we referred to this as a “warm neu-
tral” thermal sensation), the λEtot values are around 50 
Wm-2. In these cases, λEsw is comparable with λEds. Of 
course, we are aware that the λEtot-thermal sensation 
type relationship could be very individual. It is more 
individual than the clothing resistance-thermal sensa-
tion relationship (Ács et al., 2022), since this relation-
ship also depends on skin type. 



292 Geographica Pannonica • Volume 29, Issue 4, 282–293 (December 2025)

Human Thermal Load of Cfb Climate Summer Weather
Based on the Concept of Required Skin Evaporation

Ács, F., Kristóf, E., & Zsákai, A. (2025). Human ther-
mal load of foggy and cloudless mornings in the 
cold season. Geofizika, 42(1), 1-24, https://doi/
org/10.15233/gfz.2025.42.1

Ács, F., Zsákai, A., Kristóf, E., Szabó, A. I., & Breuer, 
H. (2020). Carpathian Basin climate accord-
ing to Köppen and a clothing resistance scheme. 
Theoretical and Applied Climatology, 141, 299–307. 
https://doi.org/10.1007/s00704-020-03199-z

Ács, F., Zsákai, A., Kristóf, E., Szabó, A.I., & Breuer, H. 
(2022). Individual local human thermal climates 
in the Hungarian lowland: Estimations by a simple 
clothing resistance-operative temperature model. 
International Journal of Climatology, 43(3), 1273–
1292. https://doi.org/10.1002/joc.7910

Basarin, B., Lukić, T., & Matzarakis, A. (2020). Review 
of Biometeorology of Heatwaves and Warm 
Extremes in Europe. Atmosphere, 11(12), 1276. 
https://doi.org/10.3390/atmos11121276

Bátori, L. (2022). Examination of the impact of cli-
mate change on sport on the example of the heat 
index. In International Conference National 
Higher Education Environmental Science Student 
Conference, June 3-5, Shanghai. 

Błażejczyk, K., Baranowski, J., Jendritzky, G., 
Błażejczyk, A., Bröde, P., & Fiala, D. (2015). 
Regional features of the bioclimate of Central and 
Southern Europe against the background of the 
Köppen-Geiger climate classification. Geographia 
Polonia, 88, 439–453. 10.7163/GPol.0027 

Bokros, K., & Lakatos, M. (2022). Analaysis of hot 
spells in Budapest from the early 20th century to 
the present. Légkör, 67(4), 208–218. (in Hungarian)

Boras, M., Herceg-Bulić, I., Zgela, M., & Nimac, I. 
(2022). Temperature characteristics and heat load 
in the City of Dubrovnik. Geofizika, 39(2), 259–
279. https://doi.org/10.15233/gfz.2022.39.16.

Brunt, D. (1932). Notes on radiation in the atmos-
phere. Quaterly Journal of Royal Meteorological 
Society, 58(247), 389–420.10.1002/qj.49705824704.

Campbell, G. S., & Norman, J. M. (1997). An introduc-
tion to environmental biophysics (2nd ed.). Springer.

Enescu, D. (2019). Models and Indicators to Assess 
Thermal Sensation under Steady-State and 
Transient Conditions. Energies, 12(5), 841. https://
doi.org/10.3390/en12050841
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As a fact, we can state that only results of one ob-
server are presented. This can even be considered as 
a serious shortcoming. We tried to compensate for 
this deficiency by specifying the observer’s skin type. 
Based on this, it is obvious that observations of people 
with other skin types are also needed for the method 
to be used more generally. At the same time, it should 
also be emphasized that, to the best of our knowledge, 
this longitudinal research is the first of its kind.

Finally, the study – both its methodology and its 
results – brings people closer to outdoor conditions 
characterized by sunlight, primarily through under-
standing the relationship between thermal load and 
thermal perception. This type of awareness encour-
ages a healthier lifestyle, which is also proclaimed 
globally by the United Nations, see SDG (Sustainable 
Development Goals) 3 entitled as “Ensure healthy lives 
and well-being for all at all ages”. The study and its 
results also raise awareness of the importance of self-
knowledge. In this regard, it is also worth mention-
ing that the Fitzpatrick skin type test is considered a 
standard skin type test method.

Conclusion

In this study, the active surface is the skin surface 
of the human body, as the clothing worn is minimal 
in accordance with behavioral norms. Accordingly, 
we observed a lying person whose body is under the 
influence of excess heat caused by the summer weather 
conditions of the Cfb climate. According to the results 
of a new model based on the human body energy bal-
ance equation and the skin surface evaporation gradi-
ent formula, the following main conclusions can be 
drawn: 1) The concept of “required skin evaporation” 
can be successfully applied to quantitatively character-
ize human heat excess by linking „required skin evap-
oration” and thermal perception information.  2) Since 
the albedo of the skin surface depends on the skin 
type, the „required skin evaporation” concept (calcula-
tion of λEtot and rskin) is more sensitive to higher than 
lower thermal loads.

It should be emphasized that the application of the 
concept does not require the parameterization or char-
acterization of thermoregulatory processes. 
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