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Abstract

The Carpathian Basin climate in the time period 1971-2000 is analyzed in terms of the results obtained by the Képpen method
and a clothing resistance scheme. A clothing resistance scheme is based on human body energy balance considerations taking
into account human interperson variations as simply as possible. Interperson variations are considered by estimating human body
somatotypes using the Heath-Carter somatotype classification method. Non-sweating, walking humans in outdoor conditions are
treated. Environmental and human data are taken from the CarpatClim dataset and a Hungarian human dataset, respectively.
Though the biophysical bases of the methods are completely different, the spatial structure of thermal climates expressed in terms
of K&ppen climate types and the clothing resistance parameter 7, are basically similar. A clothing resistance scheme creates more
information than the Koppen method not only in mountain, plateau areas but also in lowlands. It is shown that more human
thermal climate categories can refer to one Koppen climate formula irrespective of which Koppen formulae are considered. The
magnitude and area heterogeneity of r; is strongly sensitive to human somatotype changes. A clothing resistance scheme cannot
be used in classroom applications; it needs to be drastically simplified while maintaining its sensitivity to somatotype changes in
order to be competitive with the Koppen method.

1 Introduction

The Koppen method (1884, 1900, 1918, 1936) is the most
popular climate classification method, even in modern times
(Kottek et al. 2006; Rubel and Kottek 2011; Rubel et al. 2017)
because of its simplicity. Its rules are biogeographically based
following the thermal zones of the Earth’s biomes. This is
excellently illustrated in Fig. 1 of Koppen’s (1900) work; be-
cause of its importance, it is also presented in this study

(Fig. 1).
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The figure together with the rules used unequivocally
shows that vegetation’s thermal climate considerations are
the basis of K&ppen method.

Clothing resistance as thermal climate indicator is intro-
duced into the science of climate classification somewhat later
(e.g., Auliciems and de Freitas 1976; de Freitas 1979). In these
analyses, clothing resistance characterizes clothing heat insu-
lation obtained from energy balance considerations of the hu-
man body—air environment system. In all cases, the “average
human” is treated as either being in standing (Auliciems and
Kalma 1979) or in walking (Btazejczyk et al. 2010, 2013)
state in outdoor conditions.

So far, the Képpen method is not related to any clothing
resistance treatment. Such a comparative treatment is justified
not only because of the lack of such an analysis but also
because both approaches reflect thermal climate aspects.
Koppen does this from the point of view of macroscale veg-
etation types, clothing resistance method from the point of
view of humans. The aims of this study are as follows: a) to
describe the Carpathian Basin’s climate by using Koppen’s
method, b) to characterize the Carpathian Basin’s climate in
terms of clothing resistance, and c) to compare Képpen’s cli-
mate types with results obtained using a clothing resistance
scheme. Humans are treated in natural outdoor conditions,
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Fig. 1 Sketch of the Earth’s thermal zones according to Képpen’s (1900)
work

where they are walking without sweating. Different human
somatotypes exist. Somatotypes are characterized by applying
the Heath-Carter somatotype classification method (Carter
and Heath 1990). The region considered is the Carpathian
Basin, more precisely, the region encompassed by the
CarpatClim dataset.

Table 1 Koppen’s (1936) climate types according to Kottek et al.
(2006). C=temperate, D =boreal, £ =alpine, T} =temperature of the
hottest month, 7,4 = temperature of the coldest month, 70,10 = number
of the months with average temperature above 10 °C, Py, = precipitation
of the driest summer month, Pyq., = precipitation of the driest winter

The methods used are briefly presented in Section 2. The
region is briefly introduced in Section 3. Basic information
regarding the datasets used can be found in Section 4. The
results are discussed in Section 5, the main focus being on
the comparison of the Koppen climate map and the thermal
climates obtained by a clothing resistance scheme. The results
referring to this comparison are presented in Section 5.4.
Concluding remarks are given in Section 6.

2 Methods

All the methods considered were formed around the middle of
the twentieth century. It should be noted that they were devel-
oped completely independently of each other. First, the cli-
mate classification method, then the human-related method
will be presented.

2.1 The Koppen method

The Koppen method (1884, 1900, 1918, 1936), (Geiger 1961)
is the result of the development over an extensive period.
Here, only those parts of the scheme that are presented are
indispensable from the point of view of the treatment. The
criteria of climate types (Koppen formulae) that appeared in
the region considered are presented in Table 1.

2.2 The clothing resistance scheme

The clothing resistance parameter is an equally environmental
and human-specific parameter. It can be derived on the basis
of steady-state human body energy balance considerations.
Using energy balance equations for human skin—clothing
interface and for clothing—air environment interface it can
be expressed as follows:

month, Py, = precipitation of the wettest summer month, Py, = pre-
cipitation of the wettest winter month. Summer/winter is defined as the
warmer/cooler 6-month period of ONDJFM and AMIJJAS. Categories
signed with bold letters occur in the Carpathian region

Letters Criteria
1 2 3 1 2 3
C s a —3<Toa< 18 and Tyom > 10 Py <40, Psdry<% Twarm =22
w b Pyary <% Twarm <22, Tmonto =>4
f c neither (s) nor (w) Tvarm <22, 1 £ Thon10<4
D s a Teola<—3 and Ty > 10 Pygry <40 and Pygry < % Twarm =22
b Tarm <22, Tronio =>4
w c Pyary <200t neither (a) nor (b), Tpoq>—38
f d neither (s) nor (w) neither (a) nor (b), Toqa<—38
ET 0< Tyarm < 10
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where p is the air density (kgm ), ¢y is the specific heat at con-
stant pressure (Jkg1 °C™ 1), ry, is the combined resistance for
expressing the thermal radiative and convective heat exchanges
(sm "), T is the skin temperature (°C), 7} is the air temperature
(°C), R,; 1s isothermal net radiation flux density (Wm 2), M is the
metabolic heat flux density (Wm?2), AEy is the latent heat flux
density of dry skin (Wm 2), AE, is the respiratory latent heat flux
density (Wmfz), and W is the mechanical work flux density
(Wm?) corresponding to the activity under consideration. 7 is
estimated for a non-sweating human walking in outdoor condi-
tions at a speed of 1.1 ms ' (4 kmh™"). During walking, skin
temperature is 34 °C; the human body is completely covered by
clothing, which sticks closely to the skin. The SI unit of 7 is
(sm™ ") but is usually expressed in (clo). If 1 (clo)=0.155
(MKW ") and if ro/(p-c,) = 1 (clo), then ry=1.2 (kgm >)-1004
(kg ' K1-0.155 (m*KW ') =186.74 (sm ).

The human body is represented as single segment using a one-
node model (Kati¢ et al. 2016). According to Weyand et al. (2010)
M can be expressed as follows:

M :M[)+My177 (2)

where M, is the basal metabolic rate (W) (sleeping human)
and M, is the metabolic rate for walking. M, is parameterized
according to Mifflin et al.’s (1990) formula, while M,, is
expressed after Weyand et al.” (2010) results as follows:

3.80-M, (L) "7

A )

M, =11 3)
where M, is the body mass (kg), Ly, is the body length (cm),
and A is body surface (m?). A is estimated after the following
well-known Dubois and Dubois (1915) formula:

L 0.725
A=02M925 (1 (’)’6) . (4)

As we see, M varies from human to human, or from human
group to human group, that is, it can be related to somatotype.
Latent heat and mechanical work flux densities can be simply
parameterized via M according to Campbell and Norman
(1998) and Auliciems and Kalma (1979), respectively.

R,; and ryy, are important environmental forcings related to
solar radiation, cloudiness, air temperature, air humidity, and
wind velocity. Both variables are parameterized after theoret-
ical treatments given in Campbell and Norman’s book (1998).
A full description of the model can be found in the work of
Acs et al. (2019). In this study, r is viewed as a thermal
regulator, which can equally have both heating and cooling
effects on the human body in cold and heat stresses, respec-
tively, to reach thermal equilibrium between the clothed

human body and the outdoor environment. Accordingly, in
the case of heat excess (high 7, and R,; values), it is negative,
and inversely, in the case of heat deficit (low 7, and R;
values), it is positive. When the human body and the environ-
ment are in thermal balance, often called thermal neutrality or
comfort, 7 is zero or close to zero. This interpretation of 7 is
new.

2.3 Heath-Carter somatotype classification method

The somatotyping method classifies the human morphological
body shape by using three components, namely, the compo-
nent of endomorphy (the component of relative fatness), the
component of mesomorphy (the component of
skeletomuscular robustness), and the component of
ectomorphy (the component of linearity). The strength of all
these components ranges on a scale from 1 (the lowest) to 12
(the highest). The continuous scales of the components pro-
vide a unique method to quantify morphological body shape
diversity in a three-dimensional system. The somatotype of
each human can be represented by the combination of endo-
morphic, mesomorphic, and ectomorphic components. The
dominance relations of the components determine the type
of body shape (e.g., if the mesomorphy component is signif-
icantly higher than the other two components, it is a meso-
morphic somatotype, in which somatotype can be character-
ized by greater than average bone and muscular development
in the body). The combination 444 is called “central”, since in
this case, there is no dominant component. Anthropometric
body dimensions are used to calculate the component values.
The two-dimensional Reuleaux triangle (the so called
somatochart) can be used to graphically represent the individ-
ual, three-dimensional somatotypes (Siders and Rue 1992).

Somatotype changes with age, varies according to gender
(from puberty), and geographic variation (race) in the human
populations and shows a relationship with chronic illness and
lifestyle characteristics (the level of physical activity, the type
of sport activity performed, and diet). Adult females can be
usually characterized by the endomorphic somatotype, while
the somatotype of the average adult male is usually central or
ectomorph. Extreme somatotypes (when one of the compo-
nents reaches at least 8 on the scale and the other two compo-
nents are no higher than 4) are very rare in general popula-
tions. However, every somatotype can be found in all popula-
tions and population subgroups, only the frequency of the
somatotype categories varies with age, gender, geographic
variation, and lifestyle factors.

3 Region

The region considered is presented in Fig. 2 together with the
elevation data and the geographical designations used in the
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study. It is located between 17° and 27°/44° and 50°
longitude/latitude lines containing the Carpathian Basin al-
most completely.

The relief is heterogencous, including lowland, for in-
stance, the Little Hungarian Plain or Wallachian Plain, higher
plateau areas, such as the Transylvanian Plateau or Podolian
Plateau, and mountains, such as the Apuseni or Fagaras
Mountains.

4 Data
4.1 Climate data

Climate data are taken from the CarpatClim dataset, which
refer to the period 1961-2010 and possess a spatial resolution
0f0.1°% 0.1° (about 10 km x 10 km) and a temporal resolution
of 1 day. The region contains 6161 grid points. The data are
quality controlled and homogenized by applying the MASH
method (Szentimrey 2013). Interpolation and gridding proce-
dures are performed by using the MISH method (Szentimrey
and Bihari 2013). A detailed description of the CarpatClim
dataset characteristics is given in the work of Spinoni et al.
(2015).

In this study, among the data available, global radia-
tion, cloud cover, air temperature, vapor pressure, and
10 m wind speed data are used. Monthly values are
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calculated from daily values; thirty-year means are calcu-
lated for the central period 1971-2000. The r.; values are
calculated by using the monthly values of the meteorolog-
ical variables.

4.2 Human data

Human body characteristics are taken from a Hungarian
human dataset (Utczas et al. 2015; Zsakai et al. 2015;
Bodzsar et al. 2016) constructed at the Department of
Biological Anthropology, Edtvés Lorand University,
Budapest, Hungary. The dataset contains data of more than
3000 Hungarian children and adults, among them about
2000 Hungarian children, and about 1000 Hungarian
adults. The determination of somatotype is carried out for
1847 children and 898 adults. From this set of adults, we
chose an endomorphic, mesomorphic, and endomorphic
humans. The basic human characteristics of these persons
are presented in Table 2.

It is to be mentioned that for a walking human, the total
energy flux density M increases going from ectomorphic M
through mesomorphic M™*° to endomorphic M somato-
type, that is M°® < M™*° < M*"*. The body mass excess—
caused by fat mass excess or skeletomuscular mass excess or
both—always increases the energy flux density of the human
body.



Carpathian Basin climate according to Képpen and a clothing resistance scheme 303

Table 2 The basic human characteristics of an endomorphic female, mesomorphic male, and ectomorphic female

Humans Age Body mass Body length Basal metabolic flux Walking energy flux Total energy flux density
(years)  (Myo) (kg) (L) (cm) density (Wm?) density (Wm *) (Wm™)
Endomorphic 24 1325 168.5 43.6 144.8 188.5
female
Mesomorphic 19 82.0 172.6 454 105.7 151.1
male
Ectomorphic 19 46.0 166.1 41.0 80.7 121.2
female
5 Results Koppen clearly shows the importance of the relief in the

First, the results were obtained by the Koppen method, then
the Heat-Carter somatotype classification results of the three
humans considered and finally the clothing resistance scheme
results of the three humans discussed are considered. At the
end, the results obtained by the two methods are comparative-
ly analyzed.

5.1 Képpen climate map

The K&ppen climate map in the region and time period con-
sidered is presented in Fig. 3.

Fig. 3 Area distribution of
Képpen climate types in the
CarpatClim dataset region for the
period 1971-2000

17° 18"
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formation of thermal climate. Lowland is represented by the
climate formulae Cfa (C, warm temperate; f, no seasonality in
the annual course of precipitation; a, hot summer) and Cfb (b,
warm summer). In plateau areas, Cfb and/or Dfb (D, boreal)
can be found, while in the mountains Dfb, Dfc (c, cool sum-
mer), and E£7 (Tundra) climate types can be found. Climate
type Cfc is located only in one pixel very close to or on Mount
Papuk. The impact of relief can be unequivocally observed via
Cfa — Cfb — Dfb — Dfc — ET climate formula transitions in
Southern Romania going from the River Danube to the
Fagaras Mountains. Note that all climate formulae contain
the symbol “f” so, the climates differ only from the point of
view of their thermal states. The thermal homogeneity of all
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Fig. 4 Somatotype representation
of the three humans considered
according to the Heath-Carter so-
matotype classification method
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Hungarian lowland areas is conspicuous. Some locations with
large thermal contrasts are also registered. So, in the regions of
Mount Peleaga and the Fagaras Mountains the formulae E7
and Cfb can be found in adjacent pixels. Similarly, large ther-
mal contrasts (adjacent pixels with climate formulae £7 and
Dfb) are located in the regions of the Maramures Mountains
and the High Tatras.

5.2 Heat-Carter somatotype classification results

The humans presented in Table 1 are classified according to
the Heath-Carter somatotype classification method. The re-
sults are presented in Fig. 4.

An endomorphic female, a mesomorphic male, and an ec-
tomorphic female are used for the comparison. The endomor-
phic somatotype is typical for adult females; however, in this
case, not only was the endomorphic component (relative fat-
ness) extremely high in the studied woman’s somatotype, the
mesomorphic component was also higher than average, mean-
ing this somatotype is a mesomorphic endomorph type ac-
cording to the Heath-Carter categorization. A similar tendency
can be found in the case of the mesomorphic male, one of the
components (mesomorphy, the skeletomuscular robustness
component) was extremely high and dominated the body
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shape, another component was also higher than average (en-
domorphy), while the third component (ectomorphy) was ex-
tremely low, meaning this is an endomorphic mesomorph so-
matotype. The ectomorph female’s body shape was dominat-
ed by the ectomorphy component (linearity); the two other
components are similar. Since all the somatotypes can be
found in every subgroup of human populations, this somato-
type is absolutely normal in adult females as well, although its
frequency is usually very low in women; in those subgroups
of humans whose relative fatness is usually high, their body
shape can be usually described as endomorph somatotype. By
considering the body shapes of all the three studied subjects,
we can state that two of them could be characterized by ex-
treme somatotypes: their linearity is small and the robusticity
of their body is extremely high.

5.3 Thermal climate maps in terms of clothing
resistance

Annual mean and annual range clothing resistance maps are
considered. Annual mean clothing resistance maps in the re-
gion and time period considered for humans of ectomorphic,
mesomorphic, and endomorphic somatotypes are presented in
Fig. 5a, b, and c, respectively. Figs. 5 and 6 are constructed by
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Fig. 5 Area distribution of annual mean clothing resistance values in the CarpatClim dataset region for the period 1971-2000 for an a ectomorphic, b

mesomorphic, and ¢ endomorphic human

R programming language (R Core Team 2019) and by func-
tions from packages maps (Brownrigg et al. 2018) and fields
(Nychka et al. 2017).

The impact of relief on the formation of human thermal
climate can also be observed. In lowland areas, human thermal
climate is mostly spatially homogeneous and a weak somato-
type dependence can be observed. This is clearly visible going
from ectomorphic (0.4-0.7 (clo)) through mesomorphic to
endomorphic humans (0.1-0.4 (clo)). The lowest r; values
for ectomorphic (0.4-0.7 (clo)) and endomorphic humans
(0.1-0.4 (clo)) are located in the Great Hungarian Plain and
close to the River Danube in the Wallachian Plain, respective-
ly. Note that the Banat region can be experienced as warm as
the Wallachian Plain irrespectively of the human somatotype.

In plateau areas, human thermal climate is somewhat cool-
er, that is, higher r; values can be found with respect to low-
land areas. This can be easily observed by comparing r;
values, for instance, in the Great Hungarian Plain and
Podolian Plateau for an endomorphic human, or, in the
Great Hungarian Plain and Transylvanian Plateau for an ecto-
morphic human. In this case, thermal climate area heteroge-
neity is somewhat larger for ectomorphic than for an endo-
morphic human.

re values are the highest in the mountains. They are be-
tween 1 and 2 (clo) for ectomorphic and between 0.7 and 1.3
(clo) for endomorphic humans. Thermal climate area hetero-
geneity decreases unequivocally going from ectomorphic
through mesomorphic to endomorphic humans. The impact
of mountains on human thermal climate can also be observed
in Hungary. This can be seen in the Zemplén Mountains, the

Biikk Mountains, and the Bérzsony Mountains for an ecto-
morphic and mesomorphic human, where the 7 values in
some pixels are above 1 (clo). For an endomorphic human,
the same phenomenon is hardly visible.

Large thermal contrast areas can be found on Mount
Papuk, Mount Peleaga, Fagdras Mountains, the Maramures
Mountains, and the High Tatras. Thermal contrast is larger
for an ectomorphic than for an endomorphic human.

Annual range clothing resistance maps for humans of ec-
tomorphic, mesomorphic, and endomorphic somatotypes are
presented in Fig. 6a, b, and c, respectively.

In lowland and plateau areas, the annual range of r,
dr; is unequivocally larger than in high mountainous
areas irrespective of the somatotype considered. Of
course, dr values for ectomorphic humans are larger than
those for mesomorphic and endomorphic humans. The
largest dr. values appeared on the Transylvanian Plateau
for the ectomorphic somatotype, in some areas they were
between 2.8 and 3.1 (clo). The lowest dr, values range
between 1 and 1.3 (clo), these can be found in the region
of Mount Peleaga, the Fagaras Mountains, the Maramures
Mountains, the High Tatras, and the Biikk Mountains. The
areas with the largest thermal contrast are located on the
northern side of the Fagdras Mountains at the boundary
with the Transylvanian Plateau region. Here the lowest/
highest dr.; values are around 1/3 (clo), respectively. In
lowlands, the area heterogeneity of dr. values is rather
low, the values range between 1.3 and 1.6 (clo) for endo-
morphic and between 1.3 and 1.9 (clo) for ectomorphic
humans.

a) b) c) clothing resistance
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Fig. 6 Area distribution of annual range values of clothing resistance in the CarpatClim dataset region for the period 1971-2000 for an a ectomorphic, b

mesomorphic, and ¢ endomorphic human
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5.4 Comparison of the Koppen climate map with maps
representing the annual mean and range of r

As it was mentioned, the Koppen climate map gives
more information related to thermal than to moisture
characteristics of climate. This is especially valid for
the Carpathian Basin region; therefore, the Kdppen cli-
mate map (Fig. 3) will be briefly compared with annual
7o and dre maps (Figs. 5 and 6). Both methods reveal
strong impact of relief on formation of thermal climate,
but the amount of information produced by the clothing
resistance scheme is larger than the amount of informa-
tion obtained by the Kdppen method. This is valid not
only for lowlands but also for plateau and mountainous
areas. What can be immediately observed is that more
human thermal climates can be assigned to one Kdppen
formula irrespective of which is considered. For in-
stance, on the territory of the Podolian Plateau,
Koppen’s climate formula is Dfb. This climate type is
experienced differently by ectomorphic, mesomorphic,
and endomorphic humans. Annual mean r. values can
vary between 0.4 and 1.6 (clo), the corresponding an-
nual range dr. values being between 1.3 and 2.5 (clo)
for all three somatotypes. The climate of the Banat re-
gion, as one of the warmest sub-regions, is spatially
homogeneous according to Koppen (climate formula
Cfb); nevertheless, the corresponding human thermal cli-
mates show less territorial homogeneity. Similar cases
can be observed on the territories of the Transylvanian
Plateau and in the mountains. Koppen can hardly dis-
tinguish climate between the North Hungarian
Mountains (the Borzsdony, Biikk and Zemplén
Mountains) (climate formula Dfb) and lowland (climate
formula Cfb); this distinction is much easier to notice in
the case of human thermal climates, especially in the
case of ectomorphic somatotype.

Besides the differences, there are also similarities.
According to Koppen, the Wallachian Plain (climate for-
mula Cfa) and Podolian Upland (climate formula Dfb)
differ markedly in terms of their climates. Similarly, large
differences exist in annual mean r, values for all three
somatotypes. Areas characterized by large thermal con-
trast are equally well reproduced by Kd&ppen and by the
clothing resistance scheme. There are also “mixed” cases,
when both differences and similarities can be observed.
According to Koppen, there is no difference between the
Little Hungarian Plain’s and the Great Hungarian Plain’s
climates (climate formula Cfb). Human thermal climates
can differ; these differences are observable for the ecto-
morphic somatotype, but by changing the somatotype to-
ward the endomorphic, these differences become less and
the differences disappear for the endomorphic somatotype
(Fig. 5).
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6 Conclusion

The Carpathian Basin region’s thermal climate for the time
period 1971-2000 is analyzed by applying the Kdppen meth-
od and a clothing resistance scheme. Kdppen’s main climate
classes, except main climate B (arid climate), are distinguished
by using different monthly air temperature (temperature of the
warmest or coldest month) thresholds, which are related to
geographical boundaries of some biomes; therefore, Képpen
method can be treated as vegetation- and temperature-based
global classification system. In the region of the Carpathian
Basin, Koppen’s method distinguishes climates only from the
point of view of thermal regime since there are no differences
regarding precipitation regime (the letter “f” is in all pixels).
The third letter in the climate formula characterizes the
strength of thermal state in summer. Note that the third letter
is also related to the vegetation (K&ppen 1936; page C 17).
The clothing resistance parameter 7, as an output of the cloth-
ing resistance scheme, can be used as a human thermal climate
indicator (e.g., Robaa and Hasanean 2007). The scheme as-
sumes that humans are walking at a speed of 1.1 m's~' without
sweating, but their somatotypes can differ. Human somato-
types are characterized by the Heath-Carter somatotype clas-
sification method (Carter and Heath 1990). Environmental
and human data are taken from CarpatClim (Spinoni et al.
2015) and a Hungarian human dataset (Zsakai et al. 2015),
respectively.

Both methods reflect unequivocally the impact of relief on
the formation of thermal climate. They also give a good re-
production of locations with large thermal contrasts, such as
Mount Papuk, Mount Peleaga, the Fagaras Mountains, the
Maramures Mountains, and the High Tatras. Both methods
suggest that areas with largest thermal contrasts are located
at the boundary between the Transylvanian Plateau and the
Fagaras Mountains. However, thermal climate expressed in
terms of 7, contains more information not only in lowland
but also in plateau regions and in the mountains. Note that
more human thermal climate categories can refer to one
Kd&ppen climate formula. Area heterogeneity of human ther-
mal climate types is unequivocally larger for ectomorphic than
for endomorphic humans. Area heterogeneity of human ther-
mal climates is much larger in the mountains than in the
lowland.

It should be noted that the Képpen method is much simpler
than the human thermal climate model. It not only needs less
input data but also its biophysics is simpler. Human thermal
climate modeling will be competitive with the Koppen meth-
od if its biophysics based on human body energy balance
treatment is simplified. The competitiveness requires drastic
simplifications on one hand, and on the other hand, the un-
equivocal effect of human body somatotype on the thermal
state experienced has to be maintained because of its enor-
mous importance.
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