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ABSTRACT: The paper presents general features of the bioclimate of Poland and discusses their 
seasonal and spatial differentiation. Special attention is paid to biothermal indices (Physiological 
Subjective Temperature - PST, Physiological Strain – PhS, Physiologically Equivalent Temperature – 
PET and Weather Suitability Index – WSI) derived from the human heat balance models  
MENEX_2005 and MEMI. Climatic and biothermal indices were used to distinguish eight bioclimatic 
regions in Poland. WSI was also applied in defining bioclimatic weather seasons, and PET  to illustrate 
seasonal differentiation in biothermal conditions over Polish territory. The present results augment 
bioclimatic research  with a detailed analysis of physiologically significant interactions between 
humankind and the environment.  
 
KEY WORDS: bioclimate, bioclimatic regionalization, biothermal indices (PST, PhS, PET and WSI), 
human heat balance,  
 
 

INTRODUCTION 
 
Various concepts and methods are used to 
consider bioclimatic conditions. Most apply 
simple climate characteristics, e.g. 
maximum and minimum temperatures, 
cloudiness, solar and UV radiation, 
precipitation totals and days, etc. 
(Mieczkowski 1985; Kozlowska-Szczesna 
et al. 1997). Some authors also propose the 
use of simple biometeorological indices, e.g. 
the Wind Chill Index, Equivalent and 
Effective Temperature (Lee 1980; Maarouf 
and Bitzos 2001).  

Methods based on the human heat 
balance have brought a new dimension to 
research on person-atmosphere 
relationships. Various models adapted for 
indoor conditions are in use (Parsons 1993).  

However, for outdoors studies, only a 
few models assess the physiological 
components to human-environment heat 
exchange in a realistic manner: Błażejczyk 
(1994, 2004a), Brown and Gillespie (1986), 
de Freitas (1985, 1990), Höppe (1984), 
Jendritzky (1990) and Nielsen et al. (1988). 
The first attempts to assess Poland’s 
bioclimate were made by Krawczyk (1993) and 
Błażejczyk (2003, 2004b).  
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The general features of climate and 
bioclimate in Poland are very much 
differentiated, both seasonally and spatially 
(Błażejczyk 2006a). It is caused by both 
general  and local climatic factors. One of 
the most important factors influencing the 
Polish climate and bioclimate is geogra-
phical location, as this is linked with freq-
uent changes in air masses (Woś 1999). On 
average, Poland is under the influence of : 
• polar maritime air masses, for more than 

60% of days each year, 
• arctic air, for 16-20% of days, 
• polar continental air, for 9-13% of days  
• subtropical air, for 1-4% of days. 

Regional variability to the occurrence of 
air masses over the territory of Poland is 
also observed (Więcław 2004). 

Among the geographical factors 
influencing Poland’s climate, it is relief that 
plays the most important role. Its impact 
manifests itself in the spatial variability to 
air temperature, solar radiation and 
precipitation between various parts of 
Poland, in particular between the mountains 
in the south and the lowlands in central and 
northern Poland. 

The aim of this paper is to present 
various possibilities by which the seasonal 
and spatial features of Poland’s bioclimate 
might be assessed, on the basis of new 
biothermal indices derived from the human 
heat balance models: MENEX_2005 and 
MEMI. The full description of MEMI model 
is done by Höppe (1984, 1999). However, 
information regarded MENEX_2005 model 
can be found in Annex. 
 
 
MATERIALS AND METHODS 
 
General features of the bioclimate of Poland 
were assessed on the basis of meteorological 
data from the period 1961-1990. Four bio-
climatic indices were applied in the detailed 
analysis of seasonal and spatial variability, 
namely Physiological Strain (PhS), Physi-
ological Subjective Temperature (PST), the 
Weather Suitability Index (WSI) and Physio-
logically Equivalent Temperature (PET). 

The first three were derived form the 
MENEX_2005 human heat balance model 
(Błażejczyk 2005a, 2006b), and the last 
from the MEMI human heat balance model 
(VDI 1998; Höppe 1999; Matzarakis et al. 
1999).  
 
PRINCIPLES OF THE HUMAN HEAT BALANCE 
The general equation for the human heat 
balance assumes the form: 

M + Q + C + E + Res = S. 
where:  
M is  metabolic heat production (both basic 

metabolic rate and metabolic energy production 
due to activity and workload), Q is a person’s 
radiation balance, C is heat exchange by 
convection, E is heat loss by evaporation, Res is 
heat loss by respiration and S is net heat storage, 
i.e. changes in body heat content. For long 
periods (24 hours or longer) S can be considered 
equal to zero, in that heat gains are equilibrated 
by heat losses. However, at particular moments, 
S has positive or negative values. Positive S 
values indicate accumulation of heat in the 
body, negative ones a cooling of the body core.  
 
 
INPUT DATA 
Meteorological: air temperature, wind 
speed, air vapour pressure and/or relative 
humidity of the air, cloudiness and/or mean 
radiant temperature (due to Fanger, 1970, it 
is defined as the uniform surface tempera-
ture of a black enclosure with which an indi-
vidual exchanges the same heat by radiation 
as the actual environment considered). 
Physiological: mean skin temperature, me-
tabolic heat production (both, basic meta-
bolic rate and metabolic rate due to activity), 
clothing insulation, albedo of clothing, 
sweat rate and velocity of a person’s motion. 

 
OUTPUT DATA 
The human heat balance models considered 
(MENEX_2005, MEMI) provide several 
output characteristics, such as the compone-
nts of the human heat balance and/or various 
indices derived from it that were used in the 
present paper. They illustrate various asp-
ects to man-environment relationships.  



 65

Physiological Strain (PhS, dimension-
less) is derived from the MENEX_2005 
human heat balance model (Błażejczyk 
2003, 2005a, 2006b) and expresses predo-
minant adaptation processes in a cold or 
warm environment to equilibrate heat gains 
or losses (see Annex).   

Physiological Subjective Temperature 
(PST) is derived from the MENEX_2005 
human heat balance model (Błażejczyk 
2006b) and represents subjective feeling of 
the thermal environment by persons after 20 
min of adaptation to ambient conditions (see 
Annex). 

The Weather Suitability Index (WSI, 
dimensionless) offers another possibility of 
applying human heat balance to bioclimatic 
analysis. WSI evaluates the suitability of 
various weather conditions for different 
forms of outdoor activity: sun baths - SB 
(i.e. staying in the sunny place - WSI_SB), 
air baths - AB (i.e. staying in a shaded place 
- WSI_AB), mild activity - MR (e.g. 
walking, light play, shopping - WSI_MR), 
intensive activity -AR (e.g. football, biking, 

climbing, jogging, etc. - WSI_AR), and 
skiing and winter sports - ST (WSI_ST). The 
usefulness of each weather situation for 
different forms of recreation and tourism 
was analyzed and every class of weather 
was evaluated individually. The weather 
classification applied (Błażejczyk 2005b) 
consists of three levels: weather type, 
subtype and class. Each individual weather 
situation is described by seven digits: the 
first digit provides information on weather 
type, the second, third and fourth digits 
illustrate weather subtype and the last three 
digits – weather class (Table 1). 

The suitability of weather for various 
forms of outdoor activity (WSI_SB, 
WSI_AB, WSI_MR, WSI_AR, WSI_ST ) was 
assessed as : 
< 0.5  - non useful, 
0.5 – 1.2 - moderately useful, 
1.21 – 2.0 - useful, 
> 2.0  - very useful. 

 
 

 

Table 1. Characteristics of weather components as well as their indicators used in bio-thermal 
classification of weather 

Weather  characteristic 
Weather type Weather subtype Weather class 

 

Thermal 
sensations  

  
Radiation 
stimuli 

 
Physiological 
strain 

 
Sultriness 
intensity 

 
Daily 
thermal 
contrasts 

 
Precipitatio
n 
 

 
Snow 
cover 
 

Digit 
place 

1 2 3 4 5 6 7 

 
 
Indicator 

-3 (very cold) 
-2 (cold) 
-1 (cool) 
0 (comfor-
table) 
1 (warm) 
2 (hot) 
3 (very hot) 

 
1 (weak) 
2 (mode-
rate) 
3 (strong) 

 
C (cold) 
T (thermo-
neutral) 
H (hot) 

 
0 (non 
sultry) 
1 (mode-
rate) 
2 (great) 

 
0 (insigni-
ficant) 
1 (signi-
ficant) 

 
0 (no rain) 
1 (rainy 
day) 

 
0 (no 
snow) 
1 (sno-
wy day) 

For example the record 1_2H0_110 means warm weather with moderate radiation stimuli, with hot 
physiological strain and no sultriness. There are stimulated daily thermal contrasts and precipitation, 
but no snow cover.  
 
Source: Błażejczyk 2005 b 
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The PhS, PST and WSI indices were 
calculated based on daily meteorological 
data for the period 1971-1990 with the use 
of BioKlima©2.5 software package. 

Physiological Equivalent Temperature 
(PET, °C) is derived from the MEMI heat 
balance model (Höppe 1999). When solving 
the human energy balance it is possible to 
estimate the resulting thermal state of the 
body for any given combination of climatic 
variables, activity and type of clothing, 
characterised by the heat fluxes, body 
temperatures and sweat rate. PET is 
equivalent to the air temperature at which, in 
a typical indoor setting, the heat balance of 
the human body (at work metabolism of 95 
W·m-2 and heat resistance of clothing of 0.9 
clo) is maintained, with the core and skin 
temperatures equal to those under the 
conditions being assessed (VDI 1998; 
Höppe 1999). The following assumptions 
are made for the indoor reference climate: 
• Mean radiant temperature equals air 
temperature (Mrt = t). 
• Air velocity is fixed at v = 0.1 m/s. 
• Water vapour pressure (vp) is set to 12 
hPa (approximately equivalent to a 
relative humidity of 50% at t = 20°C). 

The various ranges of PET refer to 
different grades of thermal perception and 
physiological stress on human beings 
(Matzarakis and Mayer 1996) (Table 2). 
 
Table 2. Thermal perception in man and grade 
of physiological stress at various ranges of 
Physiologically Equivalent Temperature (PET) 

PET (°C) Thermal 
Perception 

Grade of 
Physiological Stress 

< 4 very cold extreme cold stress 
4.1 – 8.0 cold strong cold stress 
8.1 – 13.0 cool moderate cold stress 
13.1 – 18.0 slightly cool slight cold stress 
18.1 – 23.0 comfortable no thermal stress 
23.1 – 29.0 slightly warm slight heat stress 
29.1 – 35.0 warm moderate heat stress 
35.1 – 41.0 hot strong heat stress 
> 41.0 very hot extreme heat stress 

  

In this paper PET was applied to the 
spatial analysis of bioclimatic conditions. It 
was therefore calculated for particular 
months and seasons on the basis of a 
climatic data collation program at the 
Climatic Research Unit (New et al. 1999, 
2000, 2002). The data required for thermal 
bioclimate analysis (i.e. of air temperature, 
relative humidity, sunshine duration and 
wind speed) are available at monthly 
resolution for the period 1961 to 1990 at ten 
minute spatial resolution for the specific 
area.   

The calculated PET grid values were 
used as a dependent variable. Calculations 
were done using the RayMan model 
(Matzarakis et al. 2000, Matzarakis and 
Rutz 2005). Values were then recalculated 
for a spatial resolution of 1 km using geo-
statistical methods (the independent 
variables being latitude, longitude and 
elevation). For this purpose, the digital ele-
vation data of the GLOBE dataset (Hastings 
et al. 1999) were applied. Geostatistical and 
downscaling methods were applied in order 
to transfer the data. The PET values 
obtained for monthly data can not be 
considered as fully physiological 
characteristic but like an index that 
illustrates spatial variability of bioclimatic 
conditions formed by geographical 
parameters of each grid, i.e. its latitude, 
longitude and altitude.    

To calculate PET in each 1x1 km pixel, 
the following linear model was applied: 

 
y = a + b · latitude + c · longitude + d · 

altitude 
 

The seasonal coefficients of this model 
are done in Table 3.  
 
Table 3. Coefficients used in linear model for 
the calculation of PET for different seasons   

Season a b c d 
Winter 34.74663-0.69432 -0.21126 -0.00557
Spring 53.03516-0.86374 0.0019 -0.00868
Summer 56.18112-0.73448 0.126488 -0.00922
Autumn 50.84902-0.8215 -0.03975 -0.00753
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BIOCLIMATIC DIFFERENTIATION OF 
POLAND 
 
Polands’s bioclimate is well categorized in 
terms of its types (Kozłowska-Szczęsna 
1987; Kozłowska-Szczęsna et al. 1997, 
Krawczyk 1993, 2001; Błażejczyk 2003, 
2004a,b). Based on these research eight 
bioclimatic regions (Figure 1) were 
distinguished by Błażejczyk (2004a). The 
essential bioclimatic characteristics of the 
regions, listed in Table 4, were averaged 
based on 3-7 meteorological stations well 
distributed spatially inside each region. The 
names of the regions point to the main 
geographical factor causing regional 
specificity of particular parts of Poland. 

According to Kozłowska-Szczęsna 
(1987) and Kozłowska-Szczęsna et al. 
(1997) different types of bioclimate occur in 
particular regions of Poland. In the Coastal, 
Sudetic and Carpathian regions the type 1 
bioclimate (strongly stimulating) is the most 
frequent. In the Lakeland and North-eastern 
regions a mildly stimulating (type 3) 
bioclimate predominates.  

However, strong spatial and temporal 
fluctuations of stimuli are to be observed. A 
similar type of bioclimate can be found in 
the Upland region. The greatest area of 
Poland (in the Central and South-eastern 
regions) is encompassed by a weakly 
stimulating (type 4) bioclimate. The 
complex characteristic of bioclimatic 
regions was done by Błażejczyk (2006a). 

O rd a

O
dr
a

War at

Wis
ał

W
isł
a

50 o

52 o

54 No 

15 o

17 o

19 o 21 o 23 Eo 

WARSZAWA

I

II III

IV

V
VI

VII

VIII
 

Figure 1. Bioclimatic regions of Poland 
I – Coastal, II – Lakeland, III – North-eastern,  
IV – Central, V – South-eastern, VI – Upland, 

VII – Sudetic, VIII – Carpathian 
Source: Błażejczyk 2004a 

 

Table 4. Essential characteristics of  Poland’s bioclimatic regions  

  Bioclimatic region 

 

 

Bioclimatic characteristic 

Se
as

on
 

I -
 C

oa
st

al
 

II
 - 

La
ke

la
nd

 

II
I -

 N
or

th
-e

as
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rn
 

IV
 - 

C
en

tra
l 

V
 - 

So
ut

h-
ea

st
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n 

V
I -

 U
pl

an
d 

V
II

 - 
Su

de
tic

 

V
II

I -
 C

ar
pa

th
ia

n 

W 208 205 214 209 231 212 229 231 Sunshine duration 
(hours) S 677 645 680 654 644 634 568 545 

W 2.1 1.2 -0.3 1.9 0.5 2.2 1.6 1.4 Air temperature at 12:00 UTC (°C) 
S 18.4 19.4 19.5 21.3 21.1 20.5 18.9 19.4 
W 109 105 103 82 109 99 125 127 Precipitation totals 

(mm) S 189 220 250 214 232 273 296 340 
W -1.8 -2.1 -6.2 -1.7 -0.8 1.1 0.3 1.0 Physiological Subjective 

Temperature (°C) S 21.4 21.2 18.2 22.7 25.2 25.2 23.3 22.8 
W– winter season (January-March), S − summer season (June-August) 
Source: Błażejczyk (2004a) 
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REGIONAL DIFFERENTIATION TO CLIMATE 
SEVERITY 
 
Severity of Poland’s bioclimate was 
assessed using the PhS index. Its monthly 
values are diversified seasonally and 
spatially. In summer they vary from 1.0 in 
Central Poland and the mountain valleys 
(something that indicates thermoneutral 
conditions dealing with a relative equi-
librium of convective and evaporative heat 

loss) to 1.5-1.9 on the Baltic coast (indi-
cating increased severity of climate due to 
the need to adapt to cold, due to the predo-
minance of convection). In winter, PhS 
values are above 2.0 over the whole of 
Poland (increasing even to 3.0 and more in 
the Coastal, Central, South-eastern and 
Lakeland regions). These values indicate 
great convective heat loss from the body, 
necessitating processes of intensive adap-
tation to cold in an organism (Figure 2). 
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Figure 2. Mean monthly values for Physiological Strain (PhS) in bioclimatic regions of Poland 

 

What are very important in humans, are 
not only the average values of any index but 
also—mainly—the range thereof. The 
widest PhS range is observed in the North-
eastern region. In winter, PhS can rise to 
9.6, indicating extreme cold strain because 
of very severe thermal conditions. Extreme 
cold strain (PhS > 8) can also be expected in 
the Coastal, South-eastern, Upland and 
Sudetic regions. In the Lakeland, Central 
and Carpathian regions, PhS ranges are 
significantly smaller and only indicate 
severe thermal conditions in winter. In 

summer, the extreme values for PhS and 
severity of weather are similar in all 
bioclimatic regions (Figure 3). They point to 
possibility of moderate or great heat-
induced physiological strain on particular 
days. In the Coastal region this can happen 
on 10-15% of summer days. In the 
Lakeland, North-eastern and Sudetic 
regions, summer days with PhS < 0.75 
represent 30-40% of the total. However, in 
the Central, South-eastern and Carpathian 
regions heat-induced physiological strain is 
noted on 40-50% of days.  
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Figure 3. Maximum (Max), minimum (Min) and average (Avg) values for the PhS index  

in bioclimatic regions of Poland 
 

REGIONAL DIFFERENTIATION OF 
SUBJECTIVE FEELINGS OF CLIMATE 
 
Subjective feelings of climate (so called 
sensible climate) are illustrated by two 
indices: PST and PET. The first was 
calculated for several meteorological 
stations in Poland based on daily 
meteorological data for 12:00 UTC and 
applied as a basis for the evaluation of the 
annual course and regional variability of 
sensible climate. The second (PET), was 
used to present the bioclimatic different-

tiation of Poland on the more detailed 
spatial scale of 1 x 1 km. 

In the studied period, mean PST values 
varied in Poland from ca. -12°C in winter to 
25°C in summer (Figure 4). The Coastal, 
Lakeland and North-eastern regions are 
characterized by the lowest PST (from –
12°C to +20°C on average). Low PST 
values are observed in the Sudety Mts. (20-
21°C in summer). The values of PST are 
less diversified seasonally in the 
Carpathians (from -10°C in winter to 22°C 
in summer). The lowest PST values are 
noted at the tops of mountains. 
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Figure 4. Mean monthly values of PST for Poland: maximum (Max), minimum (Min) and average 

(Avg) 
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The lowest and highest registered PST 
values vary regionally. The greatest annual 
amplitude of PST (dPST) was observed in 
the North-eastern region (ca. 86°C, i.e. from 
–26.4°C in winter to 60.4°C in summer), the 
smallest in the Carpathians (72.2°C) and in 
the Sudety Mts. (75.0°C), as well as in the 
Coastal and Upland regions (about 76.0°C). 
In central, eastern and south-eastern Poland 
dPST varied from ca. 76°C to ca. 86°C. 

To analyse the regional variability to 
PST, the frequency of cold discomfort in 

winter and heat discomfort in summer were 
examined. The greatest frequency of cold 
discomfort was found in the north-eastern 
Poland, while for the Coastal region a low 
frequency of both cold and heat discomfort 
was noted. In central Poland, hot days in 
summer occur very often, while very cold 
winter days are relatively rare. In the 
Carpathian and Sudetic regions winter is 
relatively mild (below 5% of days are very 
cold) (Figure 5). 
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Figure 5. Frequency of cold discomfort in winter and heat discomfort in summer (due to PST)  

at 12:00 UTC 
 

The geographical distribution of the 
Physiologically Equivalent Temperature in 
Poland is presented with 1 km spatial reso-
lution. In all the seasons the lowest PET 
values are observed in elevated areas (The 
Sudetes and Carpathians). The map for the 
winter season (December− February) shows 
that PET  values vary from –14 to –3°C, 
increasing gradually from the North-East to 
the South-West. Low values of PET in the 
north-eastern part of Poland reflect the great 
continentality of this region. However, the 
highest level in the central part of the Odra 
Valley reflects the maritime impact of the 
Atlantic Ocean. In  the winter season, the 
western part of Poland is influenced by 

Atlantic cyclones, the north-east by the 
Siberian anticyclone (Figure 6).  

In spring (March, April, May), PET 
values range from –4 to +10ºC. The coolest 
regions are the Lakeland and North-eastern 
regions. PET values increase gradually from 
north to south. The warmest parts of Poland 
are the Sub-Carpathian Basin (upper Vistula 
and San Valleys) and upper Odra Valley. 
Such a spatial distribution of PET values is 
due to a specific air circulation in the spring. 
Advections of arctic air masses to the 
northern regions of the country and subtro-
pical ones to southern parts occur frequent-
tly. Relatively high PET values are also 
noted along the large river valleys of the 
Vistula and Odra (Figure 7). 
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Figure 6. Seasonal values (Winter) for Physiologically Equivalent Temperature over the territory of 

Poland 
 

In summer, the PET  range is from 8 to 
22°C. The highest values characterize the 
south-eastern parts of the country. This 
pattern is due to frequent advections of dry 
subtropical air masses from the Arabian 
Peninsula. Also relatively warm are low-
lying areas in central Poland and near the 
major rivers. Low PET values, similar to 
those obtained for spring, were calculated 
for Lakeland region. In the summer, the 
coldest part of the lowland is situated 
between the city of Gdańsk and the town of 
Chojnice (Pomerania). It is caused by 
specific relief and land cover (forest) that 

provoke a decrease in air temperature and  
an increase in humidity (Figure 8).  

In autumn (September, October, Novem-
ber), the spatial distribution of PET values 
that vary from -4 to +8ºC, is again similar to 
that  in spring. The coldest parts of the 
country are in the north and north-east  (due 
to advections of Arctic air masses) and the 
warmest upper Odra Valley and Sub-
Carpathian Basin (because of advections of 
subtropical air from south-east) (Figure 9). 
 

 



 72

 
Figure 7. Seasonal values (Spring) for Physiologically Equivalent Temperature over the territory of 

Poland 
 

WEATHER SUITABILITY 
 
Suitability of weather for outdoor activity is 
discussed by reference to the Coastal, 
Central and Carpathian bioclimatic regions 
of Poland. Mean values of the Weather 
Suitability Index for various activities 
(WSI_SB, WSI_AB, WSI_MR, WSI_AR, 
WSI_ST) were calculated for consecutive 
pentads of the year (Figure 10).   

Similar annual cycles for WSI are 
observed in all three regions. However, the 
level of suitability varies regionally from 
pentad to pentad. Very typical in annual 

runs of WSI_SB are low values in pentads 1-
15 and 60-72, meaning that weather 
conditions are unsuitable for sun bathing in 
such periods. The highest WSI_SB values 
are noted in spring and in early autumn 
(pentads 20-30 and 45-55). Summer 
WSI_SB values (pentads 30-45) decrease 
significantly in comparison to those of 
spring and autumn. A similar annual run is 
observed for WSI_AB  values. However, 
unsuitable weather conditions for air bathing 
were only found in January and December.  
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Figure 8. Seasonal values (Summer) of Physiologically Equivalent Temperature over the territory of 

Poland 
 

 

Mild outdoor activity can be practiced 
all year round. The mostly suitable weather 
conditions occur in the early spring and late 
autumn. In summer, WSI_MR values fall 
significantly. A similar summer decrease is 
observed for WSI_AR values, which fall to 
0.4 in the Central region. In the summer 
period, intensive activity must be reduced 

because of the overheating hazard. Weather 
conditions suitable for winter sports are 
observed mainly in mountain regions (The 
Carpathians and Sudetes). In pentads 1-20 
and 66-72 WSI_ST, values indicate slightly 
suitable and suitable conditions for such 
outdoor activity. 
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Figure 9. Seasonal values (Autumn) for Physiologically Equivalent Temperature over the territory of 

Poland 
 

CONCLUSIONS 
 
Bioclimate cannot be described solely by 
reference to simple meteorological elements 
like air temperature or precipitation. It 
requires more complex temporal and spatial 
information. Human biothermal indices, 
such as a PST, PhS, WSI and PET, include 
all the relevant information about climatic 
and weather impact on humans.  

The indices presented  here are useful in 
describing physiologically significant 
effects of person-environment heat 
exchange. They are opened for diverse 
applications for quantification and for 
identification of areas for specific uses or 

with environmental problems (e.g. affected 
by air pollution or heat waves). 

The results reported in the paper show 
possibility of assessing bioclimatic 
conditions in different scales and for various 
applications (general evaluation, detail 
spatial assessment, weather analysis 
approach). The results did not change our 
knowledge regarded bioclimate of Poland 
but they provide physiologically relevant 
information about direct influence of 
atmospheric stimuli on humans.  

It should be also pointed, that different 
approaches (regional and local) and 
different models of the human heat balance 
used in the studies (MEMI and 
MENEX_2005) give similar spatial 
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distribution of bioclimatic conditions over 
the territory of Poland. Thus, the analysis 
presented should be considered as 
complementary. 

The present study can be helpful for 
diverse approaches in the broad 

climatological spectrum, and especially in 
applied climatology in health issues, tourism 
and recreational planning, regional planning 
and spa climatology.  
 

 

 

 

 
Figure 10. Annual course of WSI for selected regions and various forms of outdoor activity: sun baths 

(WSI_SB), air baths (WSI_AB), mild activity (WSI_MR), intensive activity (WSI_AR), skiing and 

winter sports (WSI_ST)  
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ANNEX 
MAN-ENVIRONMENT HEAT EXCHANGE MODEL (MENEX_2005) 

 

KRZYSZTOF BŁAŻEJCZYK 
 

 General equation of man-environment heat exchange has the following form: 
M + Q + C + E + Res = S. 

where:  
M is metabolic heat production (both, basic metabolic rate and metabolic energy 

production due to activity and work load).  
Q is radiation balance of man,  
C is heat exchange by convection,  
E is heat loss by evaporation,  
Res is heat loss by respiration and  
S is net heat storage, i.e. changes in body heat content. All fluxes are expressed in W m-2.  

 
INPUT DATA 
 

Meteorological:  
– air temperature (t, °C);  
– wind speed (v, m/s);  
– air vapour pressure (e, hPa);  
– relative humidity of air (f, %);  
– air pressure (p, hPa);  
– cloudiness (N, %); 
– ground surface temperature (Tg, °C, for N>=80% Tg = t, for N<80% and t>=0 Tg = 1.25·t, 
for N<80% and t <0 Tg = 0.9·t));  
– Sun altitude (hSl, °).  
 

Physiological:  
– mean skin temperature (Ts, °C), 

Ts = (26.4+0.02138·Mrt+0.2095·t–0.0185·f–0.009·v)+0.6·(Icl–1)+0.00128·M) ;  
– skin wettedness (w, dimensionless), 

w = 1.031/(37.5–Ts)–0.065, at Ts > 36.5°C w = 1.0 and at Ts <22°C w = 0.001 ;  
– metabolic heat production (M, W·m-2), 

M= 135 ;  
– clothing insulation (Icl, clo), 

Icl = 1.691–0.0436·t, at t <-30°C Icl = 3.0 clo, and at t > 25°C Icl = 0.6 clo ;  
– albedo of clothing (ac, %),  
 ac = 30 ; 
– velocity of man motion (v’, m·s-1), 

v’ = 1.1). 
 

CALCULATIONS 
 

The MENEX_2005 model solves the human heat balance equation is two steps.  
 The first step involves calculation of the basic values of the human heat balance 
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components that arise just after the contact with ambient conditions. Signals from temperature 
receptors activate physiological reactions of an organism to keep homeothermy. In the cold, 
adaptation processes do not change significantly skin temperature and skin receptors register 
actual skin temperature that is influenced by ambient conditions. However, in the warm, 
intensive sweat evaporation lead during 15-20 minutes to cooling of skin surface (0.066°C for 
each 1 W·m-2 of evaporation, Fanger 1970) and thermal receptors register new, low skin 
temperature (TsR). In this case adaptation processes of intensive heat expenditure from the 
body core are regulated by thermal receptors in the nervous system.  
 The second step in calculations is to solve human heat balance equation taking into 
consideration skin temperature that is effected by thermoregulation processes (TsR). The 
resultant heat balance components represent heat exchange level after 15-20 minutes of 
adaptation processes. 
 
BASIC VALUES OF HUMAN HEAT BALANCE COMPONENTS 

Metabolic heat production (M) can be assessed according to ISO 8996. For standard 
applications M=135 W·m-2 (man walking with the speed of 4.0 km/hour) (Jendritzky et al. 
2002).  

Radiation balance in man (Q): 
Q = R + L, 

 
where:  
R – is absorbed solar radiation (W·m-2),  
L - net long-wave radiation in man (W·m-2).  

 
The net long-wave radiation is the balance for heat exchange by thermal radiation 

between human body (Ls) and the atmosphere (La) as well as between human body and the 
ground (Lg) as follows: 

L = (0.5·Lg+0.5·La–Ls)·Irc 
Lg = s·σ·(273+Tg)4, 

La = s·σ·(273+t) 4·(0.82–0.25·10 (-0.094·e)), 
Ls = sh·σ ·(273+Ts) 4, 

 
where:  
σ is Stefan-Boltzman constant (W·m2·K-4), 

σ = 5.667·10-8;  
s is emissivity coefficient for natural objects (dimensionless), 

s = 0.97 ;  
sh is emissivity coefficient for human body (dimensionless), 

sh = 0.95 ;  
Irc is coefficient reducing convective and radiative heat transfer through clothing 

(dimensionless), 
Irc = hc’/(hc'+hc+21.55·10-8·T3 ;  

hc is coefficient of convective and radiative heat transfer (K·W-1·m-2), 
hc = (0.013·p–0.04·t–0.503)·(v+v’)0.4 ;  

hc’ is coefficient of heat transfer through clothing (K·W-1·m-2), 
hc’ = (0.013·p–0.04·t–0.503)·0.53/{Icl·[1–0.27·(v+v') 0.4] ;  

T is air temperature (K);  
Mrt is mean radiant temperature (ºC),  

Mrt = [(R/Irc+Lg+La)/(sh·σ)] 0.25 –273  
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Depending on insolation data absorbed solar radiation (R) can be assessed in five 
different ways using SolDir, SolGlob, SolAlt, SolMrt or SolVis models (Błażejczyk 2004b). 
In the present studies SolAlt model that bases on information regarded Sun altitude (hSl) and 
cloudiness (N) was used. For various combinations of hSl and N absorbed solar radiation is 
calculated as follows: 

- for hSl <= 4° : R = (1.642+0.254·hSl) 2·(1–0.01·ac)·Irc 
- for hSl > 4° and N <= 20% : R = (103.573·LN(hSl)–140.6)·(1–0.01·ac)·Irc 
- for hSl > 4° and N = 21-50% : R = 1.4·e(5.383–16.072/hSl)·(1–0.01·ac)·Irc 
- for hSl > 4° and N = 51-80% : R = 1.4·e(5.012–11.805/hSl)·(1–0.01·ac)·Irc  
- for h > 4° and N > 80% as well as for shaded sites : R = 0.9506·hSl1.039·(1–0.01·ac)·Irc. 
 
Evaporative heat loss: 

E = he·(e–es)·w·Ie–[0.42·(M–58)–5.04] 
 
where:  
es is saturated vapour pressure at skin temperature (hPa),  

es = e(0.058·Ts+2.003) ;  
he is coefficient of evaporative heat transfer (hPa·W-1·m-2),  

he = [t·(0.00006·t–0.00002·p+0.011)+0.02·p–0.773)]·0.53/{Icl·[1–0.27·(v+v')0.4] ;  
Ie is coefficient reducing evaporative heat transfer through clothing (dimensionless), 

Ie = hc'/(hc'+hc) 
 
Convective heat exchange: 

C = hc·(t–Ts)·Irc 
 
Respiratory heat loss:  

Res = 0.0014·M·(t–35)+0.0173·M·(0.1·e–5.624) 
 
RESULTANT VALUES OF THE HUMAN HEAT BALANCE COMPONENTS 

In the second run the MENEX_2005 model takes into consideration M, R and Res values 
that were calculated during the first run. However, the resultant values of another fluxes are 
calculated as follows: 

 
SR=M+QR+ER+CR+Res 

 
where: 
SR - is resultant value of net heat storage (W·m-2) that calculated taking into consideration 

TsR values:  
TsR = Ts + dTs, where dTs = (E+50) 0.066 (for E<-50 W·m-2) or dTs = 0 (for E>=-50 

W·m-2) 
 If TsR is <22°C TsR=22°C 

CR = hc·(iMrt-TsR)· Irc 
iMrt – mean radiant temperature under clothing: 

iMrt={R+(La+Lg)·Irc+0.5·Ls]/(sh·σ)}0.25–273  
 

ER = he·SQRT(v+v’)·(e*–esR)·wR·Ie–[0.42·(M–58)–5.04] 
where:  
e* is vapour pressure under clothing (hPa), 

e* = 6.12·10[7.5·iMrt/(237.7+iMrt)]·0.01·f ;  
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esR is saturated vapour pressure at resultant skin temperature (hPa),  
esR = e(0.058·TsR+2.003) ;  

wR is skin wettedness at resultant skin temperature,  
wR =1.031/(37.5–TsR)-0.065, at TsR > 36.5°C wR = 1.0 and at TsR <22°C wR = 0.001 ; 
 

QR = R+LR, 
LR = (0.5·Lg+0.5·La–LsR)·Irc 

LsR = sh·σ·(273+TsR) 4, 
 
OUTPUT DATA 
 
 The calculations afford values of particular heat fluxes as well as thermophysiological 
indices: Subjective temperature (STI, °C), Physiological Strain (PhS, dimensionless), Heat 
Load in man (HL, dimensionless), Physiological Subjective Temperature (PST, ºC), Water 
Loss (SW, g/hours), Dehydration Risk (DhR, descriptive scale), Overheating Risk (OhR, 
minutes), Overcooling Risk (OcR, minutes). In the present research PhS and PST indices were 
applied. 
 

Physiological Strain (PhS, dimensionless) expresses intensities of predominant 
adaptation processes to cold or to warm environment. They depend on basic level of 
evaporative and convective heat fluxes as follows: 

PhS = C/E 
 

 At PhS of 0.75-1.5 only a slight response of thermoregulatory system is observed. 
Cold physiological strain occurs at PhS>1.5 and is manifested by: decrease in skin 
temperature, reduction of peripheral blood flow, increase in blood pressure, increase in 
thermal insulation of skin tissue and/or shivering (Blanc, de 1975). Hot physiological strain 
occurs at PhS<0.75 and it leads to: increase in peripheral blood flow, decrease in blood 
pressure, increase in heart rate, intensive sweating and dehydration, great temporal changes in 
skin temperature (Blazejczyk, 1999, Malchaire, 1991). 
The following scale of physiological strain can be applied: 
< 0.0   - extreme hot strain 
0.00 - 0.24 - great hot strain 
0.25 - 0.74 - moderate hot strain 
0.75 - 1.50 - thermoneutral (slight strain)  
1.51 - 4.00 - moderate cold strain 
4.01 - 8.00 - great cold strain 
> 8.00   - extreme cold strain. 
 

Physiological Subjective Temperature (PST, ºC) represents subjective feeling of 
thermal environment by man that is formed around the skin surface after 15-20 minutes of 
adaptation processes. Thermal impacts of environment are expressed by mean radiant 
temperature surrounded skin surface (iMrt). Actual ambient conditions influence the intensity 
of heat exchange between human body and the atmosphere and the resultant level of net heat 
storage (SR). PST is calculated as follows: 
- at SR < 0 W·m-2 :   

PST = iMrt–{[|SR| 0.75/(sh·σ )+273 4] 0.25–273} 

- at SR >= 0 W·m-2 :   
PST = iMrt+{[|SR| 0.75/(sh·σ)+273 4] 0.25–273} 
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The particular ranges of PST indicate various thermal sensations in man as follows: 
< -36.0°C - frosty 
-36.0 - -16.1 - very cold 
-16.0 -    4.0 - cold 
   4.1   - 14.0 - cool 
14.1 -24.0 - comfortable 
24.1 - 34.0 - warm 
34.1 - 44.0 - hot 
44.1 - 54.0 - very hot 
> 54.0  - sweltering 
 
The PST below -16.0ºC are also considered as cold discomfort and PST above 44.0ºC – as hot 

discomfort. 


