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Abstract: We characterized the thermal load of a person walking and/or standing in the fog by
analyzing the thermal resistance of clothing, rcl, and operative temperature, To. The rcl–To model
applies to individuals using weather data. The body mass index and basal metabolic flux density
values of the person analyzed in this study are 25 kg m−2 and 40 W m−2, respectively. Weather data
are taken from the nearest automatic weather station. We observed 146 fog events in the period
2017–2024 in Martonvásár (Hungary’s Great Plain region, Central Europe). The main results are as
follows: (1) The rcl and To values were mostly between 2 and 0.5 clo and −4 and 16 ◦C during fog
events, respectively. (2) The largest and smallest rcl and To values were around 2.5 and 0 clo and −7
and 22 ◦C, respectively. (3) The rcl differences resulting from interpersonal and wind speed variability
are comparable, with a maximum value of around 0.5–0.7 clo. (4) Finally, rcl values are significantly
different for standing and walking persons. At the very end, we can emphasize that the thermal load
of the fog depends noticeably on the person’s activity and anthropometric characteristics.

Keywords: fog; human thermal load; thermal resistance of clothing; operative temperature; human
data; Hungarian lowland; cold season

1. Introduction

In this study, we focus on the fog events of the Hungarian lowland, which are only
typical in the cold season (autumn and winter). In Hungary, fog events have been analyzed
in the past [1,2], but there is also a more recent analysis [3]. Analyses of fog are often clima-
tological analyses [3–6], but there are also analyses in which the microphysical processes
are investigated [7,8] or the relationships between fog, visibility [9], traffic [10], and air
pollution [11] are analyzed. To the best of our knowledge, the human thermal load of fog
has not been addressed so far.

Human thermal load is one of the central notions in human biometeorology. It ex-
presses the energy flux density passing through the human body. Its unit is W m−2. It
should not be confused with the thermal sensation, even if they are correlated. During high
thermal load (heat flux density reaching the body is much greater than 0), our thermal sen-
sation is “warm”, and conversely, during low thermal load (heat flux density reaching the
body is around 0 or less than 0), our thermal sensation is “cold”. The thermal sensation has
no unit of measure; we categorize it. Human thermal load depends on both environmental
and human factors. Since it depends on both factors, it must be calculated from the energy
balance of the human body. There are many different methods for calculating the energy
balance of the human body [12].

When examining the environmental thermal load, the researchers mostly dealt with
the topics of human thermal comfort [13–15] and heat stress [16–18]. Nowadays, most of
the research is conducted with models based on the energy balance of the human body [19].
The PET (Physiologically Equivalent Temperature) [20–22] and UTCI (Universal Thermal
Climate Index) [23–26] are the most common indices. In the case of the PET index, the
standard human is a 35-year-old man who has a body weight of 75 kg and a body length
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of 175 cm; he is standing (metabolic heat flux density is about 80 W m−2) in a room and
possesses a typical indoor setting of 0.9 clo [27]. Clo is the unit for clothing insulation
(1 clo = 0.155 m2 ◦C W−1). In the case of the UTCI index, the human has a body weight
of 73.5 kg, a body fat content of 14%, and a Dubois area of 1.86 m2; sex is not specified.
This person is walking in outdoor conditions at a speed of 1.1 m s−1. The person’s clothing
is estimated according to a clothing model [24], which represents the clothing patterns
of European and North American urban populations. The clothing model is integrated
into the UTCI-Fiala model [23]. In both methods, the humans presented are “reference
humans”; thus, the sensitivity of human thermal load to human factors was not investigated.
However, in some recent model applications [28], the concept of “reference human” is
not applied; instead, anthropometric data of real persons were used. The main result of
these investigations [29,30] is that human thermal load is significantly sensitive to the
interpersonal variations in the anthropometric data in the case of a large environmental
heat deficit.

Considering the above, this study has two objectives: (1) to provide a detailed analysis
of human thermal load during fog events in the Hungarian lowland and (2) to investigate
the sensitivity of human thermal load to changes in anthropometric data and human activity
during fog events. The investigation is performed in the cold season in a lowland area of the
Pannonian region (Hungary, Martonvásár) using a clothing thermal resistance–operative
temperature model [28]. We chose this model because of its simplicity.

2. Materials and Methods
2.1. Clothing Thermal Resistance–Operative Temperature Model

The clothing thermal resistance–operative temperature model [29] is used for char-
acterizing human thermal load. The philosophy of the model is old [31–34], the equation
of clothing thermal resistance is new, and the equation of operative temperature and the
parametrizations for calculating heat and air resistances were taken from Campbell and
Norman’s [35] and Fanger’s [36] books. The model estimates the thermal insulation value of
the imaginary clothing that ensures the thermal balance between the human body covered
with clothing and its environment. The program for the model calculations was written in
the Fortran programming language. The program, input files, and user manual are made
available to users upon request.

We assume that (a) the human is covered by clothing completely, (b) the clothing’s
albedo is equal to the skin’s albedo, (c) the clothing sticks strongly to the skin surface and
the skin surface does not sweat, and (d) the human is walking at a speed of 1.1 m s−1. The
human body is represented as a single segment; that is, a one-node human body model
is used [12]. The basic equation of the model characterizes the thermal resistance of the
clothing rcl [s m−1], which can be estimated as follows:

rcl = ρ·cp·
TS − Ta

M − λEsd − λEr − Hr − W
− rHr·

[
Rni

M − λEsd − λEr − Hr − W
+ 1

]
, (1)

rcl = ρ·cp·
TS − To

M − λEsd − λEr − Hr − W
− rHr, (2)

In Equation (1), rcl is expressed in terms of the isothermal net radiation, Rni [W m−2],
whilst in Equation (2), it is expressed in terms of the operative temperature, To [◦C]; ρ is
the air density [kg m−3]; cp is the specific heat at constant pressure [J kg−1 ◦C−1]; TS is the
skin temperature (34 ◦C) [35]; rHr is the combined resistance for expressing the thermal
radiative and convective heat exchange effect [s m−1]; and M is the metabolic heat flux
density [W m−2]. As mentioned, M refers to a walking person. λEsd is the latent heat flux
density of dry skin [W m−2], λEr is the respiratory latent heat flux density [W m−2], Hr
is the respiratory sensible heat flux density [W m−2], and W is the mechanical work flux
density [W m−2]. It should be mentioned that rcl is usually expressed in units of [clo]:
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1 [clo] = 0.155 m2 K W−1. If rcl/(ρ·cp) = 1 [clo], then rcl = 1.2 [kg m−3] · 1004 [J kg−1 K−1] ·
0.155 [m2 K W−1] = 186.74 [s m−1].

According to [37], a walking human’s M can be expressed as

M = Mb + Mw, (3)

where Mb is the basal metabolic rate [W] (sleeping human) and Mw is the metabolic rate [W]
referring to walking. Both terms can be estimated if sex, age [year], body mass Mbo [kg], and
body length Lbo [cm] of the human considered are known. Frankenfield et al. (2005) [38]
state that the Mb parameterization in [39] is one of the best, which is the following

Mmale
b

[
kcal·day−1

]
= 9.99·Mbo + 6.25·Lbo − 4.92·age + 5, (4)

Mfemale
b

[
kcal·day−1

]
= 9.99·Mbo + 6.25·Lbo − 4.92·age − 161. (5)

To be able to obtain Mb in [Wm−2], the human body surface A [m2] also has to be
estimated. The parameterization in [40] is used for estimating A, taking Mbo and Lbo
as inputs,

A = 0.2·M0.425
bo ·

(
Lbo
100

)0.725
. (6)

Mw is parameterized according to [37] as follows:

Mw = 1.1·
3.80·Mbo·

(
Lbo
100

)−0.95

A
. (7)

λEsd, λEr, and Hr depend upon TS or M; they are parameterized according to [41] as follows:

λEsd = 3.05·10−3·
(
256·Ts − 3373 − eap

)
, (8)

λEr = 1.72·10−5·M·
(
5867 − eap

)
, (9)

Hr = 1.4·10−3·M·(TS − Ta), (10)

where eap is actual vapor pressure [Pa], and Ta is air temperature [◦C]. According to [32], W
can be expressed as

W = 0.25·(M − Mb), (11)

The combined resistance for expressing the thermal radiative and convective heat
exchanges rHr is given by

1
rHr

=
1

rHa
+

1
rR

with

rHa

[
sm−1

]
= 7.4·41·

√
D

U1.5
,

1
rR

=
4ϵclσT3

a
ρcp

, (12)

where D is the diameter of the cylindrical body used to approach the body of the ob-
server [35], and U1.5 is the wind speed at 1.5 m height (around breast height).

The operative temperature is an important environmental thermal load indicator. It
depends upon the air temperature, the isothermal net radiation flux density, and the wind
speed [35] as follows:

To = Ta +
Rni
ρ·cp

·rHr, (13)

Rni = S·(1 − αcl) + ϵaσT4
a − ϵclσT4

a , (14)

where S is the incoming solar radiation [W m−2], σ is the Stefan-Boltzmann constant
[W m−2 K−4], ϵa is the emissivity of the cloudy sky, αcl is the surface albedo of the clothing,
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and ϵa and ϵcl are the emissivities of the atmosphere and clothing, respectively. In this
study, αcl = 0.27, like the surface of the skin, and ϵcl = 1. S is estimated according to [42]

S = Q0 ·[α + (1 − α)·rsd], (15)

where Q0 is the solar radiation constant [MJ m−2 h−1] referring to clear sky conditions and
a 1 h time period, α is the corresponding dimensionless constant referring to the same hour,
and rsd is the relative sunshine duration. ϵa depends on the clear sky emissivity, ϵcs, and
the cloudiness N (0 for cloudless and 1 for completely overcast conditions),

ϵa = ϵcs ·
(

1 − N1.6
)
+ 0.9552·N1.6, (16)

ϵcs = 0.51 + 0.066·
√

ea. (17)

ϵcs and ϵa are given according to [43,44], respectively.
The calculated values of Rni, S, Ta, and rcl—i.e., the output data—with respect to the

fog observations can be found in Table S1 of the Supplementary Material.

2.2. Location

The region and the location of fog observations are presented in Figure 1. The town of
Martonvásár (geographical latitude 47.31◦ N, geographical longitude 18.79◦ E) is located in
the lowland area of the Central Transdanubian region of Hungary.
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Figure 1. Topographical map of Hungary and Martonvásár (47.31◦ N, 18.79◦ E), the location of
fog observations.

The climate of Martonvásár, according to Feddema, is “cool and dry with extreme
variations of temperature” [45]. The mean annual clothing resistance is between 0.4 and
1 clo [46]. Fog appeared in the morning in the vast majority of cases. We documented
our fog observations by collecting the following data: (1) the time of observing the fog
(year, month, day, hour, minute) and (2) recording the values of meteorological elements.
The radiation parameter (Q0 and α) values are hourly values, and they refer to the hour
interval during which the observation took place. The values of the other atmospheric
state variables (air temperature, relative sunshine duration, cloud cover, wind gust speed,
average wind speed, relative humidity, air pressure) are average values for a 10 min time
interval. The data were written in a table in the order listed. These input data are available
in Table S1 of the Supplementary Material.

2.3. Data

In this study, human and weather data are used.
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2.3.1. Human Data

There is a Hungarian human data set that contains all relevant anthropometric data
for more than 2000 Hungarian children and more than 1000 Hungarian adults [47–49]. Data
needed to calculate Mb, body mass index BMI, and walking energy flux density are taken
from this data set. The data set is the product of the Department of Biological Anthropology,
Eötvös Loránd University, Budapest, Hungary.

In this study, we used the anthropometric data of 3 people; these can be seen in Table 1
together with Mb values calculated by Equation (4). We selected people based on their body
mass and body length; age and sex were not considered. When selecting people, we tried
to make the effect of individual variability noticeable. Now we are not dealing with the
data of the “representative human”. Such data are provided by Ács et al. [46].

Table 1. Anthropometric data of the 3 persons involved in this study.

Person Sex Age [Years] Body Mass [kg] Body Length [cm] Basal Metabolic Heat Flux Density [W m−2]

person 1 male 68 89 190 39.56
person 2 male 53 95 179 41.81
person 3 male 24 120 179 45.93

2.3.2. Weather Data

The thermal load of the air environment during fog events is estimated by using
weather data. As mentioned, we used the following weather data: air temperature, relative
sunshine duration, cloudiness, wind gust speed, average wind speed, relative humidity of
air, and air pressure. All the elements, except relative sunshine duration and cloudiness,
were measured by the automatic station of the private meteorological company Időkép,
and these data were taken from their website https://www.idokep.hu/ (last accessed on
30 November 2023). 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. Hourly
radiation parameter (Q0 and α) values are given in [42]. A total of 146 observations were
made between 15 February 2017 and 2 January 2024. The observations were made on
97 foggy days.

The change in atmospheric state variables in the fog is very slow, and their values are
typical or can be estimated. The relative sunshine duration is equal to 0, the cloud cover
is equal to 1, the relative humidity is 100% or very close to this value, the air pressure is
usually high, and the air movement is often very weak. Global radiation is also low but has
a diurnal trend if the fog lasts all day. Among weather elements, the temperature and wind
speed showed the greatest variations. The air temperature values during fog observations
are presented in Figure 2.

We can see that the lowest air temperature values were around −5 ◦C and the highest
around 12 ◦C. In the vast majority of cases, temperatures were between −2 ◦C and 10 ◦C.

The variations in wind gust speed and average wind speed values during fog obser-
vations are presented in Figure 3. Average wind speed values varied between 0.1 and
3.6 m s−1. The value of 0.1 m s−1 means no wind. It should be emphasized that the
value greater than 3 m s−1 occurred only once. In the majority of the cases, average wind
speed values varied between 0.8 and 2 m s−1; that is, the wind was weak. Wind gust
speed values varied between 0.6 and 5.0 m s−1, but in most cases, between 1 and 3 m s−1.
Logically, the relative humidity was around 100%, and the thermal load of radiation was
low (global radiation values were under 180 W m−2, and the highest radiant temperature
values were 26 ◦C).

https://www.idokep.hu/
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3. Results

The human thermal load results that characterize fog events are presented and de-
scribed, highlighting the importance of human factors. First, we present the point cloud
characterizing the Mb–BMI (body mass index) relationship for every person that is included
in the Hungarian database, including the three featured persons (Table 1). Then, we charac-
terize the relationship between rcl and the operative temperature for person 1. After that,
we characterize the impact of M on rcl. Finally, we also analyzed the sensitivity of rcl to
wind speed variations.

3.1. The Mb–BMI Relationships

People’s Mb–BMI relationship is an individual characteristic. The following question
arises: how much does it vary from person to person? Regarding this, we can see an
example in Figure 4. In Figure 4, we can see the dependence of the Mb values of more than
3000 men and women on the body mass index [48]. The magnitude of the scattering is
about 20% for both men and women. It can also be seen that there is a systematic difference
between the Mb values of men and women, the magnitude of which is around 5 W m−2.
This difference can be explained by the stronger physique of men. The Mb values of the
three featured persons are marked with black dots. We can see that their Mb values are
around 40–45 W m−2, but their BMI values are much more scattered. We can also see that
the BMI value of person 3 can be considered extreme since it is on the right edge of the
point-cloud range.
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(2016), and Fehér et al. (2019); works [47–49].

3.2. Clothing Thermal Resistance and Operative Temperature Values Observed in the Fog

The human thermal load of the fog is analyzed by discussing the rcl–To relationship.
The point cloud of the rcl–To relationship for person 1 can be seen in Figure 5.
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Figure 5. Scatter chart of the clothing thermal resistance of human 1 as a function of operative
temperature; the human walks.

Each point in Figure 5 represents an observation. It should also be mentioned that
this point cloud is individual-specific since rcl depends on M. The rcl values vary between
0 and 2.5 clo, but most of the points are scattered between 0.5 clo (To = 16 ◦C) and 2 clo
(To = −4 ◦C). The fog that caused the smallest heat deficit was observed on October 20,
2017, at 10 am. Then, the estimated rcl and To values are 0.05 clo and 21.9 ◦C, respectively.
These values were caused by the higher air temperature (10.5 ◦C) and the slowly increasing
radiation (S = 161 W m−2, Rni = 92 W m−2). We did not register a fog event with a similarly
small heat deficit (rcl close to zero). In the other cases, the fog events with the smallest
heat deficit were around 0.5 clo. In these cases, the air temperature (air temperature of
about 7–8 ◦C) and irradiation conditions (S = 130 W m−2, Rni = 70 W m−2) were lower. Fog
events with a large heat deficit are above 2 clo. In these cases, the air temperature is mostly
below 0 ◦C (it was only slightly higher than 0 ◦C in 2 cases), and the radiation balance of
the human body is negative or close to zero (Rni is between −30 and 10 W m−2).

Fog events were usually registered in the morning hours. However, there were also
days when we could observe the daily fluctuation in the heat deficit caused by the fog. We
had three such days: 16 November and 23 December 2022, and 2 January 2023. The daily
fluctuation in rcl was best monitored on 16 November 2022. The daily changes in rcl, Rni,
and S on 16 November are shown in Figure 6.
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Air temperature fluctuates very little, between 7.7 and 8.9 ◦C. Thus, fluctuations in
rcl, which is around 0.8 clo, are determined by fluctuations in global radiation. However,
note that S varies only between 0 and 133 Wm−2. Since the range of registered rcl values is
mostly between 0.5 and 2 clo, the daily fluctuation of 0.8 clo cannot be considered small.

3.3. Sensitivity to Human Factors

The above results of rcl refer to person 1, who is walking and has a walking speed
of 1.1 m s−1. The value of M obviously changes for different people or activities. In the
following, we want to examine the sensitivity of rcl to these two factors. A comparison of
rcl values obtained for humans 1, 2, and 3 when they are walking (the walking speed is
1.1 m s−1) can be seen in Figure 7.
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Figure 7. Comparison of clothing thermal resistance values referring to persons 2 and 1 (blue) and
persons 3 and 1 (green); the persons are walking.

The comparison of persons 1 and 2 is indicated by blue dots, while the comparison
between persons 1 and 3 is indicated by green dots. The difference in the M value between
persons 1 and 2 and persons 1 and 3 is 15 and 35 W m−2, respectively. Since person 1
has the smallest M value, the rcl values of person 2 and person 3 are smaller than the rcl
values of person 1. The differences between the rcl values vary between 0.2 and 0.7 clo, and
we can see that they increase with increasing heat deficit. The maximum rcl differences
are between person 1 and person 3 when the heat deficit of person 1 is greater than 2 clo.
Even bigger rcl differences can be caused by differences in activity. We looked at the types
of activity that occur most often outdoors: standing and walking. M for walking is esti-
mated using Equations (3) and (7), while M for standing is estimated using the expression
M = 2.1·Mb [50,51]. Thus, the difference between the walking and standing M values ob-
tained for person 1 is around 45–50 W m−2. Such a difference in M values clearly separates
the point clouds representing the rcl–To relationship of a walking and a standing person.
This is shown in Figure 8 for person 1. The differences between the rcl values of a walking
and a standing person increase as the heat deficit increases. The largest rcl differences reach
2 clo (in the case of a large heat deficit), and the smallest differences are around 0.5 clo
(in the case of a small heat deficit). In the middle of the To interval (To is about 2 ◦C), the
difference between the rcl values of the walking and standing person 1 is 1.5–1.8 clo.
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human 1 as a function of operative temperature.

3.4. Sensitivity to Wind Speed

The sensitivity of rcl to changes in wind speed values is also tested. We applied two
wind speed values: the wind gust speed and the average wind speed. The point cloud of
rcl values obtained for these wind speed values during fog events can be seen in Figure 9.
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The rcl values obtained for the values of the wind gust speed are, by definition, higher
than the rcl values obtained for the values of the average wind speed. These deviations in
rcl are larger in the case of a smaller heat deficit (rcl is less than 1.2 clo), and in the majority
of cases, they decrease as the heat deficit increases. The largest rcl differences are around
0.5 clo, and the smallest differences are below 0.05 clo.

4. Discussion

As already mentioned, human thermal load depends on both environmental and
human factors. Regarding environmental factors, special attention was paid to hazardous
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weather phenomena such as heatwaves [52–54], cold stress weather [55,56], and weather
associated with human mortality or morbidity [57,58]. In addition to extreme weather,
biometeorological aspects of weather related to human well-being were also studied [25,59].
Today, energy-balance-based models are used in these studies. In these models, the human
is either a “standardized human” or an individual. In scientific practice, the application
of the “standardized human” is more widespread; he represents the selected human
population. As a result, the role of human variability in human thermal load was not
investigated at all. People differ not only in their anthropometric data but also in their
clothing. The latter factor is completely individual, and it is culturally dependent; therefore,
its variability is comparable to the variability of anthropometric data. Based on the above,
we decided to use a clothing thermal resistance model using individual anthropometric
data to eliminate the disadvantages mentioned above. This gave us the opportunity to
compare the effects of the variability of weather and human factors on human thermal load.

Human thermal load during 146 fog events is analyzed in terms of rcl–To relationship.
To the best of our knowledge, there is no research in which fog has been characterized in
terms of human thermal load. The main findings are as follows: (1) the rcl values were
mostly between 0.5 and 2 clo during fog observations; (2) the largest and smallest rcl values
were around 2.5 and 0 clo, respectively; (3) the median value of rcl is 1.6 clo; and (4) the
largest observed daily fluctuation in rcl was around 0.8 clo, which is not a small value
compared to the size of the observed rcl range. These rcl values were caused by fog. What
rcl values can be expected in the case of a clear sky on autumn or winter mornings? This
question can only be answered if we estimate the rcl values obtained in such cases. For
this matter, we have such estimates, and if we compare the rcl values obtained in this way
(these are bigger) with the rcl values obtained in the fog (these are smaller), we can obtain
an estimate of how big the heating effect of the fog is. The rcl values obtained in the case of
clear sky varied between 0.9 and 3.5 clo. Only once was there a heat deficit of 4.1 clo. By
definition, in these numerical experiments, the human (person 1) and the activity (walking
at a speed of 1.1 m s−1) were the same. Based on this, the heating effect of the fog can be
roughly considered to be around 1 clo. Considering that the thermal insulation value of a
suit is around 1 clo, this heating effect is considerable. This is obviously information that
characterizes the climate of the lowland region of the Carpathian Basin; that is, it cannot be
extended to other climates.

rcl also depends on human factors. We used the anthropometric data of person 1 since
its BMI and Mb values are located around the middle of the point cloud shown in Figure 4.
We also investigated the effect of interpersonal variability on rcl. We have shown that this
effect (Figure 7) is comparable to the effect caused by wind speed variability (Figure 9).
It should also be mentioned here that the average wind speed values experienced in fog
are usually lower than 1.5 m s−1. We have also shown that defining human activity and
simulating it as accurately as possible is of fundamental importance when estimating
human thermal load. We illustrated this by simulating the rcl values of a walking and
standing person (Figure 8). This effect is clearly stronger than the effect of interpersonal
variability and increases in strength with increasing heat deficit. Figure 8 clearly proves that
a person lying still has a much higher chance of getting cold or frozen than a moving person.

It should be mentioned that we did not perform thermal perception observations
during the fog events. But we can also give an estimate based on [30]. In the case of the
smallest heat deficit (rcl around 0–0.8 clo), the thermal perception type is “cool” or even
“neutral”. In the case of moderate (rcl 0.8–1.8 clo) heat deficit, the types of thermal sensation
are “cool” or “cold”, and in the case of a large (rcl greater than 1.8 clo) heat deficit, “cold” or
“very cold”. The observer was always outside during fog observations, so his relationship
with the fog was as direct as possible. From this point of view, we did not analyze the
fog per se but the relationship between the person and the fog. This is confirmed by the
sensitivity of the rcl–To model to changes in human anthropometric data.
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5. Conclusions

We dealt with the thermal load of a person walking or standing in fog. The thermal
load is characterized by analyzing the rcl–To relationship. The BMI and Mb values of the
person are 25 kg m−2 and 40 W m−2, respectively. The following main conclusions can be
drawn: (1) in the majority of cases, the rcl values were around 1.2–1.7 clo; (2) global radiation
plays a decisive role in the daily changes in the thermal load of the fog despite the fact
that the global radiation changes are small (between 0 and 180 W m−2); (3) the differences
between rcl values caused by interpersonal variability and wind speed variability are
comparable and are around 0.5–0.7 clo at most; and, lastly, (4) as the environmental
heat deficit increases, the role of human activity in shaping the human thermal load
also increases.
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