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Abstract: Global solar radiation is an important atmospheric stimulus affecting the human body
and has been used in heliotherapy for years. In addition to environmental factors, the effectiveness
of global solar radiation is increasingly influenced by human activity. This research was based
on the use of heliographic and actinometric data (1996–2015) and the model distribution of global
solar radiation to determine the possibility of heliotherapy with the example of two health resorts:
Cieplice and Kołobrzeg (Poland). The solar features of health resorts (sunshine duration and global
solar radiation) were characterized, and they were correlated with the spatial distribution of global
solar radiation data obtained with the use of remote sensing techniques (System for Automated
Geoscientific Analyzes-SAGA), including COoRdination and INformation on the Environment
(CORINE) land cover (CLC) data. Using the maximum entropy model (MaxEnt), a qualitative
and quantitative relationship between morphometric parameters and solar climate features was
demonstrated for individual land cover types. Studies have shown that the period of late spring
and summer, due to the climate’s solar features, is advisable for the use of heliotherapy. The human
activity that determines the land cover is the main element influencing the spatial differentiation of
the possibilities of using this form of health treatment. It also affects topographic indicators shown
as significant in the MaxEnt predictive model. In general, areas with high openness were shown
as predisposed for health treatment using global solar radiation, which is not consistent with areas
commonly used for heliotherapy. The conducted research has shown the need for an interdisciplinary
approach to the issue of heliotherapy, which will contribute to the optimization of the use of this
form of health treatment from the perspective of climate change and human pressure.

Keywords: heliotherapy; morphoclimatic analysis; health resorts; solar climate features; human
biometeorology; global solar radiation

1. Introduction

Solar energy is the overriding factor determining all aspects of life on Earth, starting
with the photosynthesis process defined by J. Ingen-Housz in 1779 [1] and ending with the
technology used in the production of clean energy [2]. The wavelength of solar radiation
reaching the upper border of the Earth’s atmosphere ranges from about 0.2 to 4 µm. This
range includes ultraviolet, visible, and infrared radiation [3]. Solar radiation reaches the
surface of our planet in the form of a stream of direct and diffuse radiation, which together
constitute global solar radiation [4,5]. The intensity of global radiation is influenced by
several factors, mainly including latitude, time of year and day, terrain, and altitude, as
well as the amount and type of cloud cover [6–8]. Apart from natural factors, human
activity also influences the inflow of radiation to the Earth’s surface, e.g., shading from tall
buildings or air pollution [9,10]. The sum of the time for which the direct solar radiation
exceeds 120 W·m−2 is called sunshine duration [11]. The sum of actual sunshine duration
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depends mainly on the length of the day, the amount and type of cloud cover, and the
horizon covering [12–14]. Also, the aerosol and water vapor concentration influence the
sunshine duration, especially at low solar altitude.

The human body is influenced by every solar radiation range, but ultraviolet ra-
diation is the most biologically active. The far-ultraviolet light (UVC, 0.20–0.29 µm) is
entirely absorbed by the ozone layer, which also retains 90% of the mid-ultraviolet (UVB,
0.29–0.32 µm) [15]. Thus, the near-ultraviolet (UVA, 0.32–0.40 µm) and part of the mid-
ultraviolet reach the Earth’s surface [16]. The share of ultraviolet radiation in the entire
solar spectrum is small and amounts to an average of 4% at the Earth’s surface [17].

Ultraviolet radiation has a positive and negative effect on the human body. It stim-
ulates the circulatory system and the activity of endocrine glands, destroys bacteria and
microbes in the environment of people [18], initiates the synthesis of vitamin D in the
human skin [19,20], which prevents rickets and osteoporosis, and plays a massive role in
the human immune system [15]. However, too high doses of solar radiation can cause
erythema, sunburn [21], the development of skin cancer, and eye diseases [15,22]. Sun-
bathing is essential to stay healthy, but the time of safe exposure to direct sunlight is
essential, depending on skin pigmentation. Fitzpatrick [23] distinguished six types of skin,
considering its sensitivity to the inflow of ultraviolet radiation. This classification is used
worldwide to assess the risk of burns and skin cancer from excessive UV doses.

One of the forms of health treatment is heliotherapy, which is defined as treatment with
natural sunlight exposure [24]. During sunbathing, the entire spectrum of solar radiation
reaches the human body. As previously stated, the most biologically active is ultraviolet
radiation, but the influence of visible and infrared radiation on the human body should not
be overlooked. Visible radiation stimulates the nervous system and affects the endocrine
system [25]. The effect of visible radiation on the functioning of the pineal gland, the gland
that produces melatonin, has an impact on sleep patterns [13]. Appropriate dosing of visible
radiation promotes the regulation of the body’s daily cycle and is also used in the treatment
of depression [26]. Infrared radiation provides the body with thermal energy [13,25]. This
range of solar radiation can penetrate deep into the body (up to 3 cm) and significantly
improves the blood supply and tissue nutrition, as well as reduces muscle tension [26].
Infrared radiation can be used in the treatment of rheumatic diseases, limb injuries, chronic
inflammation of the nasal cavity and paranasal sinuses, post-frostbite conditions, as well
as overload syndromes of joints, tendons, and muscles [25,26]. During the First World
War, sunlight therapy became known, and several hospitals and clinics were built with
exposure to solar radiation in England and Germany [27,28]. Currently, sunbathing is
used in the treatment of, among others: psoriasis [24,29–37], atopic dermatitis [35,38–40],
acne vulgaris [38,41], as well as rickets, and other diseases associated with vitamin D
deficiency [20,21,42,43]. In heliotherapy, the most important thing is the influence on the
human body of the mid-ultraviolet light, whose biological activity is at a solar altitude
>30◦ [13,44].

The research conducted in the field of remote sensing techniques has mainly in-
cluded biometeorological and urban climate models [45–47], simple modeling of biocli-
matic conditions using GIS software [48], estimation of radiation fluxes in complex-city
structures [49,50] also taking into account the issues of urban heat islands (UHI) [51–53].
Long-term trends of solar radiation used satellite datasets were investigated for the Iberian
Peninsula by Montero-Martin et al. [54], for the Baltic region by Lindfors et al. [55], and
for the territory of Poland by Kulesza [56]. However, none of them analyzed in detail the
relationship between the solar features of the climate and the morphometric conditions of
the area with the possibility of using them in heliotherapy, which indicates the originality
of the presented results.

The concept of health resorts is not understood in the same way in all countries—in
many countries, such as Germany, Italy, Slovakia, and Austria, the operation of health
resorts is based on the use of natural healing resources, primarily healing mineral waters,
and is legally regulated [57,58]. In Germany, Austria, and Switzerland, apart from natural



Atmosphere 2021, 12, 383 3 of 27

medicinal raw materials, health resorts’ assessment is also influenced by the climate [59].
In Poland, a health resort is defined as an area where health treatment is carried out and
has been granted health resort status. According to the Act on health resort treatment,
health resorts, and health resort protection areas and on health resort municipalities of
28 July 2005 [60], the status of a health resort may be granted to an area which meets all
the following conditions: (i) has deposits of natural medicinal raw materials with proven
medicinal properties; (ii) has a climate with healing properties confirmed on the terms
specified in the Act; (iii) in its area there are health treatment facilities and health treatment
equipment, prepared for the provision of health treatment; (iv) fulfill the environmental
requirements specified in the environmental protection regulations; (v) has a technical
infrastructure in the field of water and sewage management, energy, collective transport,
and also conducts waste management. When assessing the climate of the area which is
to be given the health resort status, the number of sunny hours, days with precipitation
and fog are taken into account, as well as the frequency of occurrence of atmospheric
stimuli that adversely affect the human body related to air temperature and humidity,
wind, cloudiness, also the frequency of storms and weather changes [61]. For the conduct
of heliotherapy in the health resorts, the standard for the annual total of hours with the sun
is essential, which cannot be lower than 1500 [61].

The research aimed to demonstrate the relationship between the solar climate charac-
teristics and the morphometry of the area on the example of two health resorts in terms of
suitability for heliotherapy. The following was performed: (i) the solar radiation inflow
in the annual and daily course for the period 1996–2015 was assessed based on actual
heliographic and actinometric measurements; (ii) using SAGA software, the influence of
morphometric conditions (coverage) on the inflow of solar radiation was determined; (iii)
based on solar climate features, morphometric parameters significant for heliotherapy were
demonstrated using the maximum entropy model; (iv) areas predisposed to heliotherapy
were indicated.

The conducted research is important not only from the point of view of the organi-
zation of heliotherapy in already functioning health resorts but also opens a discussion
on the need to search for new interdisciplinary and implementation research methods to
identify future locations for heliotherapy.

2. Materials and Methods
2.1. Study Area

The research area consists of protection zones in two health resorts in Poland (Central
Europe). Due to the availability of axonometric data, health resorts with morphometric
diversification of protection zones were selected for the study: Cieplice located in the
south of Poland—in the outskirts of the Karkonosze Mountains, and Kołobrzeg located
in northern Poland—in the zone of the Baltic Sea quays. Cieplice is administratively part
of Jelenia Góra and is a health resort district of this city. In the case of Kołobrzeg, the
protection zone of the health resort coincides with the city’s administrative boundary. The
digital elevation model (DEM) fluctuates respectively in the range of 333.2 m a.s.l. up to
456.8 m a.s.l for Cieplice and from 0.0 (the water level in the Baltic Sea) to 75.3 m a.s.l.
for Kołobrzeg (Figure 1). The longitudinal length between the spas, amounting to 3◦19′,
determines the angle of incidence of sunlight in Cieplice, which is higher by this value
throughout the year, and also affects the differences in the length of the day between health
resorts. In Kołobrzeg, the first day of winter is 36 min shorter than in Cieplice, while the
first day of summer is longer for the same time.
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Figure 1. Study area: (A)—Cieplice, (B)—Kołobrzeg: (a) numerical land cover model, in m a.s.l.; (b) CORINE CLC, types:
1.1.2 Discontinuous urban fabric; 1.2.3 Port areas; 1.2.4 Airports; 1.4.2 Sport and leisure facilities; 2.1.1 Non-irrigated arable
land; 2.3.1 Pastures; 2.4.2 Complex cultivation patterns; 2.4.3 Land principally occupied by agriculture, with significant
areas of natural vegetation; 3.1.1 Broad-leaved forest; 3.1.2 Coniferous forest; 3.1.3 Mixed forest; 5.1.2 Water bodies; 5.2.3 Sea
and ocean.

Cieplice is located in the foothill area, in the Jelenia Góra Valley, where the altitude
above sea level and the topography significantly affect the climate. Due to the altitude
(Figure 1a), the average air temperature, both in winter and summer, is relatively low and
ranges from −2.2 ◦C in January to 16.3 ◦C in July [12]. Due to its location in a depression,
the amount of frost days is significant, which in this health resort is on average 107 in a
year [12]. Cieplice is located in the bioclimatic region of Sudetes, where, like the Carpathian
Region, the sums of sunshine are slightly higher in the winter season and much lower in
summer than in the other bioclimatic regions [13]. Kołobrzeg represents the climate of the
western part of the Polish Baltic coast, where the sea’s influence determines relatively small
annual fluctuations in air temperature. In the years 1951–2000, the average temperature in
July was 16.8 ◦C, while in January, it was −0.4 ◦C [12]. Taking into account the division
of Poland into bioclimatic regions, Kołobrzeg is located in the Seaside Region, where the
radiation stimulus varies greatly throughout the year—in summer the sums of sunshine
are the highest compared to other regions in Poland, while in winter the values are among
the lowest [13].

In Poland, there is a relatively large variation in the annual sums of sunshine dura-
tion. The highest average annual values, calculated based on weather stations’ data, are
characteristic for the eastern part of the Polish Baltic coast, exceeding 1800 h. Relatively
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high values are also found south of mentioned above area, up to the Silesian Lowland,
as well as in the central-eastern part of Poland. The smallest annual sums of 1460–1500 h
are characteristic of mountain areas located in Poland’s southern part [14]. For the spatial
distribution of annual sums of solar radiation in Poland, the highest values, exceeding
4000 MJ·m−2, are characteristic for the Silesian Lowland, the Kielce Upland, the Nidziańska
Basin, and the Lublin Upland. The smallest sums, of the order of 3600–3800 MJ·m−2, are
found in the Pomeranian and Masurian Lake District, as well as in some mountain regions
in southern Poland [62].

Health resorts are internally diversified in terms of types of land cover. According
to COoRdination and INformation on the Environment (CORINE) Land Cover (CLC)
database for 2018, several cover types were designated, respectively 8 for Cieplice and
11 for Kołobrzeg at the third (European) level nomenclature (Figure 1). In the case of
Cieplice health resort, the largest area was occupied by non-irrigated arable land—2.1.1
type (6.52 km2). Whereas for the Kołobrzeg health resort, the dominant type of land cover
was the discontinuous urban fabric—1.1.2 (8.70 km2). It should also be noted, for Kołobrzeg,
the occurrence of the 5.2.3 type (0.27 km2) is associated with the zonal occurrence of the
Baltic Sea.

Land cover, combined with morphometry, determined as the diversity of terrain relief,
has a decisive influence on the sky visibility, sky view factor (SVF) [63], strongly related to
the possibility of exposure to solar radiation. The average values of the index mentioned
above were 0.780 in the case of Cieplice and 0.720 for Kołobrzeg.

2.2. Materials
2.2.1. Heliographic and Actinometric Data

The study included heliographic data (concerning sunshine duration) and actinomet-
ric data (concerning sums of solar radiation) from the meteorological station in Jelenia
Góra (50◦54′ N, 15◦47′ E, 342 m a.s.l.) and Kołobrzeg (54◦11′ N, 15◦35′ E, 3 m a.s.l.). Both
stations belong to the Institute of Meteorology and Water Management—National Research
Institute, which performs the State Hydrological and Meteorological Service, performing
tasks in the field of hydrological and meteorological protection of the society, environment,
and economy [64]. The hourly sums of actual sunshine duration and global solar radiation
for the years 1996–2015 were used. The sunshine duration values were published in hours
to one decimal place, while the sums of solar radiation in J·cm−2, which were converted
into kWh·m−2. At both weather stations, sunshine duration measurements from 1996
to 2014 were carried out using Campbell–Stokes sunshine recorders. In September 2014,
these instruments were replaced by the CSD3 sunshine duration sensors from Kipp &
Zonen B.V., which could affect the data’s homogeneity at the end of the research period.
The global solar radiation measurements were made with the use of Kipp & Zonen B.V.
pyranometers [65]. Ultraviolet radiation, which is important from the point of view of
heliotherapy, has not been measured for the considered health resorts. There is a relation-
ship between the intensity of global solar radiation and ultraviolet radiation described in
several models [66–68]. However, the authors concluded that the impact on the human
body of the entire spectrum of solar radiation and they limited themselves to the analysis
of the value of global solar radiation and sunshine duration significantly influencing its
possibility of conducting heliotherapy.

2.2.2. Digital Elevation Model

The basis for spatial analyses was a numerical model of land cover with 1 m × 1 m
spatial resolution obtained from the Head Office of Geodesy and Cartography resources in
Poland. Data in the form of ASCII XYZ GRID files in the national coordinate system “1992”
were obtained.
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2.2.3. Corine Land Cover Database

Land cover data were obtained from the resources of the Copernicus Land Monitoring
Service (CLMS). The Coordination and Information on the Environment (CORINE) Land
Cover (CLC) database for 2018 was used. It was decided to use the CORINE CLC data due
to the only official source of land cover classification data applicable to all EU countries.
Characteristics of CLC, e.g., land cover nomenclature, identification methodology, and
quality of the data, are in the research of Feranec et al. [69]. CORINE CLC uses a minimum
mapping unit (MMU) of 25 ha for area phenomena and a minimum width of 100 m for
linear phenomena.

2.3. Methods
2.3.1. Processing Heliographic and Actinometric Data

Based on hourly sums of actual sunshine duration, average daily sums in particular
months, as well as seasonal and annual sums, were calculated. The analysis of annual sums
allowed for drawing of a trend line, the statistical significance of which was tested using
the Student’s t-test, at the significance level p = 0.05. The average values of the relative
sunshine duration in the consecutive days of the year were also calculated as a percentage
ratio of the actual sunshine duration to the maximum possible sunshine duration. The
maximum possible sunshine duration (in hours), which approximately corresponds to the
length of the day, was calculated using the formula [2]:

S0 =
2

15
cos−1(− tan δ· tanϕ), (1)

where δ is the declination of the sun and ϕ is the latitude.
Then, the annual course of average monthly values of relative sunshine duration

was analyzed. The number of days for five classes of relative sunshine duration was
also calculated, adopting the commonly used division proposed by Podstawczyńska [17],
according to which the days were grouped with the following values: 0%—sunless days,
0.1–25%—cloudy days, 25.1–50%—moderately sunny days, 50.1–75%—sunny days, >75%—
very sunny days. Moreover, the number of compact sunless periods of at least 5 days was
determined by dividing them into four classes of lengths: 5–7 days, 8–10 days, 11–13 days,
and 14–16 days.

Using the hourly sums of global solar radiation, the daily, monthly, and yearly sums
were calculated. The multi-year variability of annual sums was analyzed, as well as the
annual course of monthly mean global radiation sums. Selected statistical characteristics of
monthly sums of global radiation, such as extreme values, standard deviation (SD), and
coefficient of variation (CV), were calculated. Similar characteristics were calculated for
the daily totals, supplemented with the skewness factor (A). To show the asymmetry of the
distribution of values for the selected months, a histogram of daily sums of global radiation
was made. The daily course of the hourly average global radiation sums was analyzed
in June when the day is the longest, and the highest solar altitude is observed, and in
December when the inflow of radiation is the lowest. The maximum height of the sun in
the consecutive days of the year in both spas was also calculated using the formula [70]:

sin h = sin δ· sinϕ+ cos δ· cosϕ· cos Θ, (2)

where h is the height of the sun, δ is the declination of the sun, ϕ is the latitude, and Θ is
the hour angle of the sun.

2.3.2. Calculation of Potential Incoming Solar Radiation

Based on the provisions of the local law for Cieplice [71] and Kołobrzeg [72], with the
usage of the open-source geographic information system software QuantumGIS (version
3.4.12), the digitization of the spatial extent of protection zones of health resorts was con-
ducted. Using a tool (geoprocessing tool—Clip), the digital elevation model (DEM) was
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cropped to the survey area’s extent. Then, using the System for Automated Geoscientific
Analyzes—SAGA software (version 2.3.2), the global solar radiation (in kWh·m−2) calcula-
tions for monthly periods were made using the Potential Incoming Solar Radiation tool.
The time step of the model was 5 days, in 1-hour resolution for every time step period
calculation. Apart from DEM, the parameters feeding the formula were: local sky view
factor [63] with reference level from DTM altitude, including Solar Constant (1367 W·m−2),
latitude location calculated from GRID system, a trace of the whole cell’s shadow, and
Lumped Atmospheric Transmittance in 70%. The feed and output data corresponded to a
resolution of 1 m × 1 m spatial resolution. The calculated data made it possible to deter-
mine global solar radiation’s spatial distribution within the health resorts. Considering the
CORINE CLC data—chopped with the geoprocessing tools—Clip mentioned above, it was
possible to determine the course of the average monthly global solar radiation sums for
individual land cover types at the third (European) level nomenclature [73].

2.3.3. Maximum Entropy Model

To explore the spatial probability distribution of the solar features of the climate in
terms of heliotherapy, we used the Maximum Entropy Method (MaxEnt) [74,75]. Max-
Ent using a presence-only algorithm is suitability for research on habitat suitability and
environmental modeling [76,77]. The preprocessing analysis was performed using the
SAGA. In total, 25 indicators were derived from the DEM. However, only 4 of them were
qualified for the final model’s input data after checking for autocorrelation (Table 1). The
data feeding the model were the developed topographic parameters in ASCII grid format.

Table 1. Model of topographic indicators and related references.

No. Predictor Code Unit Mean References

1 Analytical Hillshading max * AHM Rad 0.781 [78]
2 Aspect ASP Rad 3.063 [79]
3 Convergence Index CONV-IND - −0.002 [80]
4 Slope SLP Rad 0.367 [79]

* taking into account the maximum solar altitude.

The MaxEnt results made it possible to determine each parameter’s contribution to
the model in terms of the importance of the variable. The MaxEnt model is applied to
predict the spatial distribution of occurrence probabilities describing the susceptibility of a
particular location for solar characteristics of climate in terms of heliotherapy.

The validation process in MaxEnt subsists in analyzing the presences with the back-
ground points where the value of presence/absence is unknown. As pointed out in the
research of Phillips et al. [81], these situations are titled pseudo-absences, and they are only
selected to show the conditions in the study area. Change in the pseudo-absence sample
size affects the MaxEnt model’s results regarding variable selection, prediction skills, and
probability distribution. Using the Random points inside polygons in QuantumGIS soft-
ware (version 3.4.12) tool, 30,000 pseudo-absences values were separated. Phillips and
Dudík [75] proved that the number of 10,000 background points is sufficient to provide a
good performance of the model. In our research, we use 3 times larger pseudo-absence
sample to ensure correct calibration. Sample data corresponded to the CORINE CLC types
identified in health resorts. We validate the MaxEnt model using randomly: a training
sample of the presence data (80% of data) and a test sample of the presence data (20% of
data). This process allows accepting sample variability and representativity at the valida-
tion time. Two methods were used: (i) cross-validation, where samples were divided into
replicated folds and each fold was used in turns for the test data; and (ii) bootstrapping,
where replicated sample sets, which were chosen by sampling with replacement fold, were
used in turns for the test data. Datasets were replicated 10 times to estimate the stability of
the models for every validation method.
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The model results were validated with the receiver operator characteristics (ROC), also
called the area under curve (AUC), to evaluate predictive efficiency. The AUC integral plots
allow a single measurement of model output [82], in the values range from 0.5 (randomness)
to 1.0 (predictability). In our research, we modify the AUC values classification of Hosmer
and Lemeshow [83] to a poor (AUC < 0.5), an acceptable (0.5 < AUC < 0.75), and an
excellent (AUC > 0.75) prediction.

3. Results
3.1. Analysis of Heliographic and Actinometric Data
3.1.1. Actual and Relative Sunshine Duration in Cieplice and Kołobrzeg in the
Years 1996–2015

In the years 1996–2015, the annual sums of actual sunshine duration in Cieplice ranged
from 1495.4 h in 2001 up to 2162.4 h in 2015 (Figure 2), and the difference between the
extreme values is 667 h. Only once the annual sum of sunshine duration was less than
1500 h, and in two years, it exceeded the value of 2000 h. A statistically significant growing
trend was demonstrated for Cieplice in the analyzed twenty years. The average annual
sum of sunshine duration for this health resort was 1753.3 h and is slightly lower than in
Kołobrzeg (1761.7 h). In a seaside health resort, the difference between extreme annual
sums is smaller and amounts to less than 495 h. The maximum value occurred in 2015
(2047.4 h) and the minimum value in 2007 (1552.7 h).

Figure 2. Annual sums of actual sunshine duration in Cieplice and Kołobrzeg in the years 1996–2015.

In the annual course, the highest sums of actual sunshine duration occur in summer
and spring (Figure 3). The total amount of hours with sunshine in summer and spring in
Cieplice is on average 68% of the annual total, while in Kołobrzeg, it is over 74%. The sums
of actual sunshine duration in winter are very small, especially in Kołobrzeg, where direct
sunlight reaches the Earth’s surface for only 135 h on average, which is less than 8% of the
annual total.
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Figure 3. Actual sunshine duration sums in the seasons. Average values for Cieplice and Kołobrzeg
for the years 1996–2015.

The very uneven inflow of direct solar radiation to the ground during the year is shown
by analyzing the annual course of the average daily sums of actual sunshine duration
(Figure 4). In Cieplice, the highest daily totals occur in August (on average 7.3 h), but the
values exceeding 7 h are also characteristic of May, June, and July. The lowest daily totals
are observed in December and January when the time of inflow of direct solar radiation
during the day only slightly exceeds 2 h. In Kołobrzeg, the range of daily total fluctuations
in the annual course is greater than in Cieplice. In the months from May to July, the average
daily totals are about 8 h (maximum in June, 8.3 h). In Kołobrzeg, the sums of the actual
sunshine duration fewer than 2 h occured from November to January with a minimum in
December (only 0.9 h).

Figure 4. The annual course of the average daily amounts of actual sunshine duration in Cieplice
and Kołobrzeg. Average values for months for the years 1996–2015.

Values of relative sunshine duration in Cieplice and Kołobrzeg are relatively low. In
Cieplice, only in August did the relative sunshine duration exceed 50% (Figure 5). In
Kołobrzeg, values of up to 50% or more occured from April to August. In turn, in the
months from November to February, the relative sunshine duration reached the lowest
values. In the months mentioned above, this indicator is significantly higher in the Cieplice
health resort than in Kołobrzeg. The differences between Cieplice and Kołobrzeg are
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particularly large in December when the relative sunshine duration in these health resorts
amounts to 26.6% and 12.7%, respectively.

Figure 5. The annual course of relative sunshine duration in Cieplice and Kołobrzeg. Average values
for the years 1996–2015.

From November to January, sunless days in Kołobrzeg account for about half of the
days a month, and in December, their number exceeds 18 (Figure 6a). In the months
from November to March, both spas may experience longer, at least five-day periods of
sunlessness (Tables 2 and 3), and the highest number is observed in December. The total
number of all sunless periods is twice as high in Kołobrzeg as in Cieplice. In November,
there was even a fifteen-day sunless period in the seaside health resort. No sunless periods
longer than nine days were observed in Cieplice. In the course of the year, the number of
cloudy days in both spas was very similar (Figure 6b), usually in the range of 6–8 days.
Sunless days are rare from May to August, with an average of 1 to 2 such days. In the
months from April to September, the frequency of sunny days (Figure 6d) and very sunny
days (Figure 6e) was significantly greater. In Kołobrzeg, such days make up about half of
all days in this period of the year. Compared to Cieplice, Kołobrzeg is distinguished by a
significantly greater number of very sunny days in this period of the year, especially from
May to July.

Table 2. The number of compact sunless periods of at least 5 days in Cieplice in the years 1996–2015.

Months
Sunless Period (Days) Amount of Sunless

Periods (>5 Days)5–7 8–10 11–13 14–16

I 2 2 0 0 4
II 5 0 0 0 5
III 2 0 0 0 2
IV 0 0 0 0 0
V 0 0 0 0 0
VI 0 0 0 0 0
VII 0 0 0 0 0
VIII 0 0 0 0 0
IX 0 0 0 0 0
X 2 0 0 0 2
XI 4 0 0 0 4
XII 11 0 0 0 11
∑ 26 2 0 0 28
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Figure 6. The annual course of the number of days for 5 classes of relative sunshine duration in Cieplice and Kołobrzeg.
Average values for the years 1996–2015: (a)—sunless days, (b)—cloudy days, (c)—moderately sunny days, (d)—sunny days,
(e)—very sunny days.
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Table 3. The number of compact sunless periods of at least 5 days in Kołobrzeg in the years 1996–2015.

Months
Sunless Period (Days) Amount of Sunless

Periods (>5 Days)5–7 8–10 11–13 14–16

I 10 4 1 0 15
II 7 3 0 0 10
III 1 0 0 0 1
IV 0 0 0 0 0
V 0 0 0 0 0
VI 0 0 0 0 0
VII 0 0 0 0 0
VIII 0 0 0 0 0
IX 0 0 0 0 0
X 3 0 0 0 3
XI 8 2 0 1 11
XII 16 3 1 0 20
∑ 45 12 2 1 60

3.1.2. Global Solar Radiation in Cieplice and Kołobrzeg in the Years 1996–2015

The average annual sum of global radiation in Cieplice is 1086.4 kWh·m−2, and the
range of annual sums fluctuations in 1996–2015 did not exceed 180 kWh·m−2. In Kołobrzeg,
the average annual value is lower and amounts to 1058.5 kWh·m−2. In this health resort,
the annual sums range from about 997.3 kWh·m−2 in 1996 to almost 1130.8 kWh·m−2 in
2014. A statistically insignificant growing trend was noted in both health resorts in the
analyzed twenty years (Figure 7).

Figure 7. Annual sums of global solar radiation in Cieplice and Kołobrzeg in the years 1996–2015.

In the annual course, the highest monthly sums of global radiation occur in June and
amount to approximately 170 kWh·m−2 in Kołobrzeg and over 158 kWh·m−2 in Cieplice
(Figure 8). Higher values in Kołobrzeg than in Cieplice persist from April to September,
when Kołobrzeg has a longer day, and more often, there are very sunny days. In Kołobrzeg,
the sum of global radiation from these months accounts for almost 81% of the annual
total, while in Cieplice, about 76%. In the months from April to September, there are large
differences between the maximum monthly amounts and the minimum amounts (Table A1)
in both health resorts. The standard deviation’s large values also show that the monthly
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sums observed from year to year in the warm half-year are highly differentiated. The
lowest monthly sums of global radiation are characteristic for December, when the average
sum in Cieplice is over 21 kWh·m−2, while in Kołobrzeg, it is twice as low and does not
exceed 11 kWh·m−2. Average monthly sums in Kołobrzeg are lower than in Cieplice in the
whole cold half-year. During this period of the year, the days in Kołobrzeg are shorter than
in southern Poland, and the number of sunless days is also significantly greater.

Figure 8. The annual course of the monthly mean sums of global solar radiation in Cieplice and
Kołobrzeg. Data for the years 1996–2015.

Average daily sums of global radiation in Cieplice range from 0.69 kWh·m−2 in
December to 5.28 kWh·m−2 in June. Greater diversification of daily sums in the annual
course is observed in Kołobrzeg, where in December the average sum is 0.35 kWh·m−2,
while in June it increases to 5.72 kWh·m−2 (Table A2) Both in Cieplice and Kołobrzeg,
there is a large variation from day to day in the sums of global radiation. The maximum
daily totals are many times greater than the minimum totals. The high variability of the
daily sums of global radiation is evidenced by the significant values of the coefficient of
variation (percentage of the standard deviation in the average value of a given series),
which in the cold half-year in Cieplice are in the range of 50%–56%. An even greater
variance occurs in Kołobrzeg, where in the months from November to February, the values
exceed 60%. It is due to the high variability of the amount of cloud cover in the months of
the cold half-year, which is determined by the circulation factors. In both health resorts,
the skewness coefficient values in the months from April to September are negative, which
proves the left-hand asymmetry of the distribution (extended left arm of the distribution).
Such a distribution is characterized by the grouping of values in ranges with values higher
than the average, it is visible on the example of the histogram of daily sums of global
radiation in June (Figure 9). The left-hand asymmetry in Kołobrzeg is clearly greater than
in Cieplice in the months from April to July. In the cold half-year, the skewness coefficient
values are positive, which indicates a right-skewed distribution and grouping of values in
ranges with values below the average. An example is a histogram of daily sums of global
radiation in December (Figure 10). In the months from October to February, the skewness
coefficient values are higher in Kołobrzeg compared to Cieplice.

The daily course of the hourly sums of global radiation in June and December shows
a substantial variation in values (Figure 11) conditioned by the height of the sun, the length
of the day, and the amount of sky cloud cover. In June, solar radiation’s inflow begins
in the early morning hours and ends around 9:00 p.m. The highest values at noon in
Kołobrzeg are about 0.6 kWh·m−2. In this health resort, despite the lower altitude of the
Sun (Figure 12), slightly higher values are noted in the diurnal course, associated with less
cloudiness in this month. In December, the inflow of solar radiation lasts much shorter, and
the hourly sums of global radiation are minimal, especially in Kołobrzeg. In this town, at
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the end of December, the height of the sun at noon only exceeds 12◦ (Figure 12), and there
is a greater proportion of sunless days there than in Cieplice. In a seaside health resort in
December, even in the afternoon hours, global radiation sums are lower than 0.1 kWh·m−2.

Figure 9. Histogram of daily sums of global solar radiation in June in Cieplice and Kołobrzeg. Data for the years 1996–2015.

Figure 10. Histogram of daily sums of global solar radiation in December in Cieplice and Kołobrzeg. Data for the years
1996–2015.

Figure 11. Daily course of hourly sums of global solar radiation in Cieplice and Kołobrzeg. Average values for December
and June for the years 1996–2015.
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Figure 12. The maximum height of the sun in the following days of the year in Cieplice and
Kołobrzeg.

3.2. Morphometric—Bioclimatic Analyses
3.2.1. Global Solar Radiation—SAGA Distribution

The course of monthly changes in global solar radiation sums for Cieplice and Koło-
brzeg, determined using the digital elevation model (DEM), correlates with the values
of actinometric data measured at weather stations (Figure 13). Average monthly val-
ues of global solar radiation oscillate respectively in the range from 11.062 kWh·m−2 to
106.316 kWh·m−2 for Cieplice and from 5.452 kWh·m−2 to 78.957 kWh·m−2 for Kołobrzeg
(Figure 13). The period from May to August is characterized by the highest global solar
radiation sums for the studied health resorts, while the months from November to January
are characterized by the lowest values of the analyzed index.

There are differences in the absolute values of global solar radiation sums for the
two analyzed health resorts. The average annual global solar radiation value for Cieplice
(55.046 kWh·m−2) is higher than for Kołobrzeg (38.520 kWh·m−2). This trend is also
present in the case of the global solar radiation maximum values, as in the case of
Cieplice and Kołobrzeg, where they occur in July, amounting to 280.226 kWh·m−2 and
274.152 kWh·m−2, respectively (Figure 13).

The spatial distribution of global solar radiation sums for the analyzed health resorts
is strongly diversified (Figure 14). The type of land cover, which is characterized by the
annual course of the highest monthly global solar radiation totals in both analyzed locations,
is non-irrigated arable land (type 2.1.1). The average monthly global solar radiation sums
for this type of land cover oscillate in the range from 26.724 to 243.328 kWh·m−2 in the case
of Cieplice and from 17.550 to 239.117 kWh·m−2 for Kołobrzeg (Figure 14). The equally
high level of the average monthly global solar radiation sums was determined for the
pastures type of cover (type 2.3.1). In the case of the Kołobrzeg health resort, the equally
high course of the average monthly global solar radiation sums is characteristic of two
unique types of cover—ports (type 1.2.3) and sea (type 5.2.3), which results from the city’s
location on the shores of the Baltic Sea. For the first type, the values range from 16.907 to
235.206 kWh·m−2, and for the second type, they range from 12.758 to 243.334 kWh·m−2

(Figure 14). Type 1.4.2 (non-agricultural vegetated areas) is characterized by the values
of the monthly average global solar radiation sums at a much lower level, for which the
maximum values are 168.179 kWh·m−2 for Cieplice and 183.097 kWh·m−2 for Kołobrzeg.
The type of cover with the lowest course of monthly global solar radiation sums is forests
(types 3.1.1–3.1.3) (Figure 14). The values range from 12.811 to 130.020 kWh·m−2 in mixed
forests for Cieplice and from 5.358 to 76.924 kWh·m−2 for broad-leaved forests of the
Kołobrzeg health resort.
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Figure 13. Spatial distribution of monthly sums of global solar radiation [in kWh·m−2] calculated
based on DEM: (a) for distinct periods (I, IV, VIII, X) against the background of the annual course (b)
and correlation with actual actinometric data, for Cieplice (A) and Kołobrzeg (B).



Atmosphere 2021, 12, 383 17 of 27

Figure 14. The course of average monthly sums of global solar radiation [in kWh·m−2] for individual types of land cover
(CLC) for the Cieplice (a) and Kołobrzeg (b) health resorts.

3.2.2. Maximum Entropy Model

The validation achieved excellent AUC values, and the results are in line with the
overall model results. The mean value of the AUC test does not differ significantly from
AUC training for both methods that were used (Table A3). The strongest connections were
recorded in the case of land cover (CLC type): 5.1.2 for Cieplice and 3.1.2 for Kołobrzeg, for
both used methods. A detailed summary of the average values of AUC training and test for
cross-validation method and bootstrap method is presented in Table A3. Even the lowest
mean values of AUC training and test indicate a good correlation (AUC > 0.5) between
the results and the data feeding the model, which is in line with the criteria proposed by
Hosmer and Lemeshow [83].

For additional model verification, the probability index values between monthly
global solar radiation sums and topographic parameters feeding the final model were
determined. For AHM and SLP parameters, it takes values inversely proportional for both
analyzed health resorts, at a level indicating the existence of a strong statistical relationship.
Respectively, AHM from −0.619 to −0.800 and SLP from −0.530 to −0.852 for Kołobrzeg
and AHM from −0.579 to −0.826 and SLP from −0.401 to −0.829 for Cieplice (Figure 15).
For the CONV-IND parameter, the values are directly proportional—from 0.113 to 0.190 for
Cieplice and from 0.085 to 0.160 for Kołobrzeg. The ASP parameter takes values inversely
proportional for the Cieplice health resort (−0.059 to −0.072) and directly proportional for
the Kołobrzeg health resort (from 0.010 to 0.043). For the last two parameters, no strong
relationship was established, however, these are significant indicators due to the model
results for selected land cover types. A characteristic feature of the correlation index is
the fact that the strength of the statistical correlation increases in the summer months (for
parameters showing an inversely proportional correlation) and in the winter months (for
parameters showing a directly proportional correlation) (Figure 15).
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Figure 15. The annual course of the values of the probability index between the parameters supplying the model (AHM, ASP,
CONV-IND, SLP) and the average monthly values of global solar radiation [in kWh·m−2] for Cieplice (a) and Kołobrzeg (b).

The percentage share of the examined parameters in the model was determined for
each type of land cover, which is presented in Figure 16. In the case of both analyzed spas,
AHM and SLP dominate in most cases. The total share of these parameters in the model
ranges from 60.6% for type 2.1.1 to 89.5% for type 3.1.3 in the case of the Cieplice health
resort. However, the domination of the indicators mentioned above in the model for the
Kołobrzeg health resort is not so clear, assuming the total percentage share in the range
from 51.5% for type 2.4.2 to 84.5% for type 3.1.3.

In the case of Cieplice health resort, the AHM parameter is dominant for the following
land cover types: 1.1.2—57.7%, 2.4.2—52.6%, and 5.1.2—52.9%. In the case of the SLP
parameter, the maximum shares are characteristic of the coverage types: 3.1.3—51.9%,
2.4.3—45.7%, and 1.4.2—43.6%. The remaining parameters (ASP and CONV-IND) do
not achieve a significant percentage share in the model, i.e., the maximum values are
ASP—28.2% for type 2.3.1 and CONV-IND—11.7% for type 2.1.1 (Figure 16).

In the case of the Kołobrzeg health resort, the AHM parameter is dominant for the
following land cover types: 1.1.2—46.5% and 2.3.1—41.5%. In the case of the SLP parameter,
the maximum shares are characteristic for the coverage types: 3.1.1—54.7% and 3.1.3—
49.5%. As in the case of Cieplice health resort, the CONV-IND parameter does not reach a
significant percentage of the share in the model—maximum CONV-IND value is 15.0% for
type 2.4.2. On the other hand, due to the smaller vertical differentiation of the area, the
ASP parameter takes high percentages of the model for the following types of land cover:
1.2.3—29.5%, 2.1.1—28.8%, and 33.5%—2.4.2 (Figure 16).

The total area of the health resort corresponding to AUC > 0.75 is respectively 35.1 km2

for Cieplice (2.7% of the entire spa zone) and 14.9 km2 for Kołobrzeg (0.6% of the entire
health resort). On the other hand, the total share of health resorts with the values of
AUC > 0.50 amounts to 49.8% for Cieplice and 33.8% for Kołobrzeg, respectively. The types
of cover that characterize the largest spa area with AUC > 0.75 are 3.1.3 for Cieplice and
1.2.3 for Kołobrzeg (Figure 16). Taking into account the average percentage of AUC > 0.50,
a more favorable distribution of the model results was observed for Cieplice (37.4% of the
entire health resort) than for Kołobrzeg (23.2% of the entire health resort). The types of
cover that predispose the model’s results are respectively 2.1.1 for Cieplice (60.8% of the
AUC > 0.50) and 1.1.2 for Kołobrzeg (42.0% of the AUC > 0.50). The spatial distribution of
AUC for the Cieplice and Kołobrzeg health resorts and the percentage of the area in the
separated AUC ranges are presented in Figure 16.
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Figure 16. Percentage share in the model of topographic indicators (A) and spatial distribution of AUC values (B) along
with the percentage of the area in the given AUC ranges (C) for (a) Cieplice and (b) Kołobrzeg.

4. Discussion

The effectiveness of heliotherapy is conditioned by many complex factors, which can
be classified as: direct (e.g., latitude, cloud cover, etc.) and indirect—widely related to
land development). Human activity has an influence primarily on factors included in the
second group.
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The average annual sum of actual sunshine duration in the Cieplice and Kołobrzeg
health resorts for the years 1996–2015 exceeds the minimum norm of 1500 h for health
resort operations in Poland (Figure 2). In the case of both health resorts, a growing trend
is observed in the annual sum of hours with the sun, which improves the conditions for
heliotherapy (Figure 2). Other authors [14,84,85] also draw attention to the growing annual
sums of actual sunshine duration in Poland and other regions of Europe in the 1990s and
at the beginning of the 21st century.

The distribution of actual sunshine duration throughout the year is primarily influ-
enced by latitude [44,86], which determines the length of the day in the annual course—in
summer, as the latitude increases, the day becomes longer, and in winter, the other way
round. Therefore, the most favorable conditions for heliotherapy are from April to Septem-
ber, when the average daily sums of actual sunshine duration in the analyzed health resorts
vary from about 6 to 8 h (Figure 4). It is also influenced by the amount of cloud cover in
Poland that changes throughout the year, where lower values are observed in the warm
half-year [12,87,88]. In these months, the use of heliotherapy is also facilitated by the daily
sums of global radiation, which is several times greater than in the autumn and winter
months (Table A2), which means that to achieve the desired therapeutic effect, the exposure
time to direct solar radiation may be shorter. The histogram of the daily sums of total
insolation (Figure 9) shows that the probability of daily values exceeding 4.5 kWh·m−2 in
June exceeds 65% in both health resorts.

In the months from April to September, there is also an appropriate height of the
sun for heliotherapy (Figure 12), which affects not only the intensity and sum of global
radiation but also the intensity and range of ultraviolet radiation reaching the ground. At
a time when the height of the sun is low, the path length of the solar radiation through
the atmosphere increases, and the radiation with the shortest wavelengths are absorbed
and scattered more strongly. For heliotherapy, the key factor is the inflow of UVB, the
biological impact of which is visible starting from >30◦ of solar altitude [13,44]. In the
period from April to September, it is possible in Poland to conduct heliotherapy in terms
of increasing the production of vitamin D3 in the human body. In the late spring and
summer, it is also possible to conduct effective anti-psoriasis heliotherapy [36]. For safe
and effective heliotherapy, it is necessary to take specific daily solar radiation doses [20].
Before starting therapy, it is also important to exclude possible contraindications for this
form of treatment [24].

Comparing the research results obtained for Cieplice and Kołobrzeg, it can be con-
cluded that in the warm half-year, especially in May-July, the conditions for sunbathing are
more favorable in Kołobrzeg, located in the north of Poland, where the day is longer and
the sunny days are more frequent (Figure 6), which results in a greater number of hours
with sun and greater sums of global radiation. Czerwińska and Krzyścin [20] indicate
the favorable solar features of the climate for anti-psoriasis heliotherapy in the summer
season on the Baltic coast. According to Krzyścin et al. [89], the contact of human skin with
seawater enhances the effectiveness of anti-psoriasis heliotherapy, which also indicates the
great potential of seaside health resorts in Poland to conduct this form of health treatment.

In the rest of the year, the climatic conditions are less favorable for heliotherapy in
the analyzed health resorts. A particularly unfavorable situation occurs in Kołobrzeg in
the months from November to February, when the daily sums of actual sunshine duration
range from 1 to 2 h (Figure 4), and approximately half of the days in each of these months
are sunless days (Figure 6). During this time, there are also multi-day sunless periods, the
length of which may be up to 15 days (Table 3). Longer periods of weather with complete
cloudiness adversely affect the human body’s psyche and biological functions [13]. In
Kołobrzeg, from the beginning of October to the first days of March, the height of the sun
at noon does not exceed 30◦, which prevents the synthesis of vitamin D3 in the human
skin. For the proper functioning of the body, vitamin D supplementation is recommended
at this time because the consumption of foods containing large amounts of it is usually
insufficient [19,42]. On the other hand, from the beginning of November to the first days of
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February, the height of the sun at noon does not exceed 20◦, which limits the possibility of
biological effects of UVA [44]. In Cieplice, the duration of these unfavorable periods is 2–3
weeks shorter.

The remote sensing results determined based on the DEM were correlated with the
actual actinometric characteristics of the studied health resorts (Figure 13b). Generally, they
indicate more favorable conditions for heliotherapy in the summer months, reflecting the
direct factors described above. The summer period on the Baltic Sea was also indicated in
their research by Krzyścin et al. [89] as a way to support UV cabinet exposures during the
treatment of psoriasis.

Terrain morphometry, less and less untransformed into urbanized areas, affects the
solar inflow. There is an increase in the area of built-up and urbanized land in the city [90],
which confirms the thesis about the urbanization process [91], leading to the intensification
of the urban heat island phenomenon [92].

In the microscale, areas with appropriate exposure (S at the expense of N) are pre-
disposed. Research of Ali-Toudert and Mayer [93] pointed out that the E-W orientation
of canyons has high stressful thermal comfort, indirectly dependent on solar radiation
conditions. The element that strongly differentiates the inflow of solar radiation, and thus
the effectiveness of heliotherapy, is the land cover. The presence of buildings (especially
tall or compact) shades the area. Buildings intercept the direct and reduce the diffuse
solar radiation, yet they may also enhance irradiance by reflecting sunlight [94,95]. An
equally important parameter is the building’s location concerning the world’s directions,
the building’s shape, or the number of floors (height). These differences generate contrast
in energy budgets that lead to interactions in radiative exchange [95]. Urban structures
modify the visible horizon and influence the incoming radiation fluxes [50]. Advantageous
solar features are characteristic for areas with high terrain openness, and therefore high
SVF values. As confirmed in the research of Barring et al. [96], street geometry influences
the surface temperature (indirect solar radiance) using SVF analyses.

On a macroscale, the land cover type characteristics determine the possibility of an
inflow of solar radiation. Urban areas, in comparison with rural areas, have distinctive
biophysical features [97]. Based on the conducted studies, the most favorable areas from
the point of view of heliotherapy were: non-irrigated arable land (type 2.1.1), pastures (type
2.3.1), and sea (type 5.2.3)—only for Kołobrzeg (Figure 14). Here, the range of areas predis-
posed for heliotherapy should be noted—designated by health resorts’ boundaries. Arable
lands (type 2.1.1) are areas with a different function, so their suitability for heliotherapy is
negligible. Only pastures (type 2.3.1) as walking areas meet the functional assumptions.
Attention should be paid to the zonal type of land cover—sea area (type 5.2.3), which is
associated with the beach. Due to its environmental features (flat, with large openness, no
buildings), it is extremely beneficial for heliotherapy. On the other side of the scale, there
are forest areas (types 3.1.1–3.1.3), the least favorable from the analyzed angle. This is a
kind of paradox because these areas are very often used for health activities (e.g., walking
areas in spa parks, hiking trails in forests, etc.), however, in the case of heliotherapy, they
are not of significant importance. They often fall within the range of health resorts. Sunny
glades, which were shown by the research of Thorsson et al. [98], are characterized by good
thermal outdoor environment conditions for human behavior, including the usage of helio-
therapy. Equally weak solar characteristics are in type 1.4.2 (non-agricultural vegetated
areas), where health resorts (spa houses) are usually located and where the patients spend
most of their time. These areas are also (obligatorily) included in the health resorts. Similar
results in their research on bioclimatic comfort were shown by Zeren-Cetin and Sevik [99],
preferring agricultural land and natural and semi-natural areas over settlement areas.

The usage of the MaxEnt model made it possible to determine the influence of mor-
phometric parameters on the effectiveness of heliotherapy. From several parameters tested,
the most important turned out to be AHM and SLP (Figure 16). Their values are directly
related to the configuration of actinometric factors, morphometry, and land cover. The
inversely proportional correlation noted in the results, stronger in the summer period
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(Figure 15), shows that the increase in the intensity of the relief or coverage and the season
of the year reduces the inflow of solar radiation—and thus the effectiveness of heliotherapy.

Analyzing in detail the results of the MaxEnt model for Cieplice and Kołobrzeg, it
can be concluded that AHM limits the effectiveness of heliotherapy for urbanized areas
(including type 1.1.2). On the other hand, the SLP parameter determines heliotherapy in
semi-natural areas (including type 2.4.3) and natural areas (including type 3.1.1 and 3.1.3,
which subjects the less use of this cover type due to the shading of the dense surface of
trees for heliotherapy). Additionally, in the area of Kołobrzeg, the ASP was an essential
parameter for some types of land cover, which indicates that in relatively flat areas (Plain
of Poland), the exposure of the area is more critical than in mountain areas (Cieplice).

The analyzed health resorts are predisposed for health resort activities focused on
heliotherapy (the total area with AUC > 0.75 was 2.7% for Cieplice and 0.6% for Kołobrzeg).
Taking AUC > 0.50 into account, the area increases to 49.8% and 33.8%, respectively. Much
more advantageous for the analyzed form of health activity are high mountain areas [100]
or marine areas located in subtropical latitudes, e.g., Black Sea Coast [99]. The types of land
cover shown in the model, environmentally predisposed for heliotherapy (AUC > 0.50),
characterized by the highest percentage (2.1.1 for Cieplice and 1.1.2 for Kołobrzeg), due to
the way of use, are not indicated for heliotherapy. On the other hand, the types preferred
both in terms of the environment (AUC > 0.50) and utility (possible real health resorts
use), i.e., pastures (type 2.3.1—about 25% for Cieplice and about 35% for Kołobrzeg) and
sea-beach (type 5.2.3—about 5% for Kołobrzeg) (Figure 16) do not occupy large areas of
the health resort.

5. Conclusions

Based on the results of conducted studies and the connections between solar climate
features, terrain morphometry, and land cover in terms of the usage of heliotherapy, the
following conclusions were drawn:

1. Solar features of the climate of the research area, defined by the number of hours with
the sun (sunshine duration), the sum of global solar radiation, and the height of the
sun, indicate that the best conditions for heliotherapy are from April to September.
The months from November to February are a particularly inadvisable period of
the year when the unfavorable influence of astronomical factors for heliotherapy is
combined with greater cloudiness.

2. In late spring and summer, Kołobrzeg is a health resort with more favorable conditions
for curative sunbathing, where less cloud cover and a longer day determine the
occurrence of greater daily amounts of actual sunshine duration and global radiation
than in Cieplice.

3. The spatial distribution of global solar radiation, obtained with the use of remote
sensing tools (SAGA), correlates with the actual actinometric measurements (Cieplice—
0.929; Kołobrzeg—0.982). Micro- and macroscale morphometry, combined with the
type of land cover (CLC), determines heliotherapy’s effectiveness.

4. Topographic indicators that had a significant impact on heliotherapy’s effectiveness
using the MaxEnt Model were AHM and SLP. The observed correlation, inversely
proportional, stronger in the summer period, indicates that the increase in the intensity
of the relief or the presence of high-exposure land cover and the season of the year
affects the balance of solar radiation supply—thus the effectiveness of heliotherapy.

5. The results of the MaxEnt Model showed that non-irrigated arable land (CLC type
2.1.1), pastures (2.3.1), and the sea zone (5.2.3)—in Kołobrzeg are the most favorable
types of land cover in terms of heliotherapy. Considering the actual development
of the areas mentioned above, only the last two seem to meet health treatment
requirements. The percentage of the health resorts’ area favorable for heliotherapy
(AUC > 0.50) was 49.8% for Cieplice and 33.8% for Kołobrzeg, respectively. This
indicates that their area is right predisposed for the analyzed type of treatment. The
least favorable type of land cover for heliotherapy is forests (CLC type 3.1.1–3.1.3),
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which are often used in health treatment because of their suitability to another climate
therapy method, i.e., aerotherapy.

6. The applied interdisciplinary research (bioclimatology and remote sensing) with the
use of MaxEnt modeling makes it possible to determine the degree of heliotherapy
effectiveness in already functioning health resorts and constitutes key elements in the
future decision-making cycle to indicate future locations of such health resort. Our
research shows the need to implement new research methods aimed at optimizing
the organization of treatment based on environmental features influenced by climate
change and anthropogenic pressure.
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Appendix A

Table A1. Selected statistical characteristics of monthly sums of global solar radiation in Cieplice and Kołobrzeg. Data for the years
1996–2015.

Months

I II III IV V VI VII VIII IX X XI XII

Cieplice

Min

kWh·m−2

21.56 30.86 62.28 101.04 93.43 125.64 109.91 101.91 60.69 40.97 22.17 15.05
Max 32.58 57.87 96.50 163.06 186.57 180.12 205.20 165.32 115.16 75.53 44.27 25.61
Av 26.76 43.32 83.31 122.20 155.19 158.55 156.25 140.80 91.31 57.94 29.39 21.34
SD 2.79 6.35 9.35 15.98 21.03 16.53 19.46 15.95 15.06 9.34 4.88 2.78
CV % 10.42 14.66 11.23 13.08 13.55 10.42 12.46 11.33 16.49 16.13 16.59 13.03

Kołobrzeg

Min

kWh·m−2

13.05 23.38 63.05 99.75 112.52 150.62 130.32 109.18 64.65 39.34 14.53 8.54
Max 21.60 40.14 90.99 158.41 211.12 196.67 211.72 169.36 108.21 65.13 25.76 13.72
Av 16.28 31.57 76.73 122.51 165.34 171.67 164.47 137.54 92.80 49.22 19.18 10.96
SD 2.28 4.64 8.20 15.62 21.15 14.32 21.38 15.17 9.89 6.07 2.63 1.32
CV % 14.02 14.68 10.68 12.75 12.79 8.34 13.00 11.03 10.66 12.34 13.73 12.04

https://danepubliczne.imgw.pl/
https://mapy.geoportal.gov.pl
https://land.copernicus.eu/pan-european/corine-land-cover
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Table A2. Selected statistical characteristics of daily sums of global solar radiation in Cieplice and Kołobrzeg. Data for the years
1996–2015.

Months

I II III IV V VI VII VIII IX X XI XII

Cieplice

Min
kWh·m−2

0.10 0.21 0.33 0.41 0.58 0.43 0.49 0.37 0.28 0.17 0.09 0.08
Max 2.19 3.66 5.65 7.34 8.33 9.01 8.61 8.96 5.83 4.12 2.96 1.79
Av 0.86 1.55 2.69 4.07 5.01 5.28 5.04 4.54 3.04 1.87 0.98 0.69
A − 0.53 0.44 0.20 −0.22 −0.29 −0.45 −0.30 −0.47 −0.13 0.17 0.48 0.35

CV % 54.81 52.77 49.76 43.15 40.40 38.02 38.13 35.51 46.18 50.35 56.22 55.10

Kołobrzeg

Min
kWh·m−2

0.07 0.14 0.14 0.13 0.58 0.60 0.41 0.60 0.42 0.16 0.08 0.05
Max 1.64 3.15 5.15 6.91 8.30 8.73 8.43 7.24 5.74 3.70 1.93 1.09
Av 0.53 1.13 2.48 4.08 5.33 5.72 5.31 4.44 3.09 1.59 0.64 0.35
A − 0.92 0.62 0.12 −0.36 −0.58 −0.54 −0.45 −0.39 −0.13 0.36 0.91 0.97

CV % 64.38 61.61 51.24 41.26 34.43 34.13 36.09 34.16 40.35 52.21 62.99 60.76

Table A3. Validated averages of AUC values for Cieplice and Kołobrzeg using cross-validation and bootstrapping methods.

CLC Type

Cieplice Kołobrzeg

Cross-Validation Bootstrap Cross-Validation Bootstrap

Training Test Training Test Training Test Training Test

1.1.2 0.703 0.702 0.713 0.709 0.677 0.676 0.687 0.683
1.2.3 - - - - 0.865 0.851 0.873 0.868
1.2.4 - - - - 0.822 0.818 0.829 0.821
1.4.2 0.848 0.841 0.856 0.849 0.847 0.841 0.853 0.850
2.1.1 0.634 0.633 0.645 0.644 0.831 0.828 0.839 0.840
2.3.1 0.794 0.789 0.800 0.793 0.699 0.698 0.710 0.711
2.4.2 0.769 0.765 0.774 0.771 0.896 0.873 0.918 0.870
2.4.3 0.824 0.822 0.831 0.823 - - - -
3.1.1 - - - - 0.831 0.830 0.841 0.840
3.1.2 - - - - 0.914 0.891 0.928 0.901
3.1.3 0.839 0.835 0.843 0.839 0.885 0.882 0.893 0.890
5.1.2 0.892 0.845 0.911 0.843 - - - -
5.3.2 - - - - 0.888 0.875 0.897 0.887
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17. Podstawczyńska, A. Cechy solarne klimatu Łodzi. Acta Univ. Lodz. Folia Geogr. Phys. 2007, 7, 294.
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