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Abstract

:

Despite continuous technological development, lack of data or discontinuity in meteorological measurements is still an issue affecting many stations. This study was devoted to determining the bioclimatic conditions in the Kłodzko region (SW Poland), where meteorological measurements have been discontinuous since 2006. Four stations with continuous measurements were analyzed. These localities are situated at Kłodzko and its health resorts. Bioclimatic conditions were determined using the Universal Thermal Climate Index (UTCI). The study of variability in UTCI was performed in different circulation epochs. Additionally, a non-linear model for SW Poland was used to reconstruct the long-term trend of air temperature in the Kłodzko region. Verification of this model was performed on the basis of own air temperature measurements in the period from April 2017 to March 2022. Analysis of thermal conditions in circulation phases showed higher air temperatures and UTCI values in epoch W (1989–present) compared to epoch E (1966–1988) at all analyzed stations. The non-linear model of meteorological data showed its applicability for data reconstruction in the region with an accuracy of about 67%. Further modification of the model may serve to increase its applicability to other locations in Europe or North America.
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1. Introduction


Bioclimatic analyses of health resorts districts are among the information included in the Polish health resort inventory. In addition, such analyses find application in determining the tourism potential of a region [1,2,3], the impact of environmental conditions on human health [4,5,6], and determining extreme conditions on regional mortality gain [7,8], military activities [9], or socioeconomic endeavors [10]. Bioclimatic conditions are determined by various indicators. In the process of continuous improvement to measure the meteorological impact on the human body, more than 200 biometeorological indicators have been invented, whose differences in structure and application can be found in the review article of de Freitas and Grigorieva [11]. Depending on the complexity, de Freitas and Grigorieva divided them into eight groups that characterize differences between bioclimatic indexes: (A) simulation device for integrated measurement such as globe thermometer temperature, Tg [12]; (B) basic single-parametric indices such as wet bulb temperature, Twb [13] or saturation deficit [14] which rely more on determining detailed meteorological conditions than on ascertaining the impact on the human body; (C) algebraic or statistical model based on statistical models such as the humidex [15], insulation predicted index or Icpl [16]; (D) proxy thermal strain index, e.g., cold strain index, CSI [17]; (E) proxy thermal stress index, e.g., comfort index, CI [18]; (F) energy balance strain index, e.g., physiological subjective temperature [19]; (G) energy balance stress index that takes into account the exchange of thermal energy between humans and weather conditions, such as the Universal Thermal Climate Index, UTCI [20] or physiological equivalent temperature, PET [21]; (H) special purpose index with narrow utility such as heat tolerance index [22] to analyze reactions of the human body only in extreme conditions.



A detailed analysis of bioclimatic conditions in 43 health resorts in Poland for the period 1970–1990 was carried out by Kozłowska-Szczęsna et al. [2]. The characterization of bioclimatic conditions was performed with a uniform method for all 43 health resorts. According to the administrative report from 2002, in Dolnośląskie voivodship (a bigger administrative area in which Kłodzko region is located), 11 health resort statuses were granted at that time, 5 of which were situated in the Kłodzko region. These were Długopole-Zdrój, Duszniki-Zdrój, Polanica-Zdrój, Lądek-Zdrój, and Kudowa-Zdrój [2]. Currently, the health resort status is granted to the area of the district where five cities maintain their health resort status (i.e., Bystrzyca Kłodzka, Duszniki-Zdrój, Polanica-Zdrój, Lądek-Zdrój, and Kudowa-Zdrój).



Currently the only synoptic station in the Kłodzko region is Kłodzko. Two climate stations in Słoszów and Lądek-Zdrój were decommissioned in 2006, while the station in Długopole-Zdrój was decommissioned in 2014 (Figure 1). Monitoring environmental changes is not only important for maintaining the tourism potential of the region [23], but also to plan further actions for the increasing effects of climate change [24,25]. The causes of change are due to both human activities and greenhouse gas emissions [26] as well as macrocirculation phenomena such as the North Atlantic oscillation (NAO), Atlantic multidecadal oscillation (AMO), Arctic oscillation (AO), or the Scandinavia SCAND [27,28,29,30,31,32,33,34]. The Kłodzko region, as part of the Sudety massif, is additionally an area in which dynamic meteorological phenomena such as fen activity occur locally, which is typical for mountain areas. Fen phenomena due to their diversity still pose a challenge today in terms of forecasting and modeling [35,36].



This paper focuses on the use of bioclimatic indicators to determine bioclimatic changes in the area of Kłodzko for the period 1966–2020 based on measurement series conducted by the Polish MetOffice (Institute of Meteorology and Water Management—IMGW). The following measurement series were analyzed: 1980–2006 for the climate station in Słoszów and Lądek-Zdrój; 1980–2014 for climate station Długopole-Zdrój; and the synoptic station in Kłodzko (1966–2020). Bioclimatic conditions of the Kłodzko region were determined using the Universal Thermal Climate Index (UTCI). The UTCI index was selected based on a recommendation of the World Meteorological Organization (WMO), which was promoted during the meeting in April 2009 [37]. For more than 10 years this index has been tested by scientists from Poland and abroad confirming its applicability for different climatic conditions [8,38,39,40].



Air temperature data reconstruction was made via methods for non-stationary time series. Typical dynamics of climatic data at all scales and over the period of available measurements is considered as evidence of changes occurring in the Anthropocene [41]. This includes the long-term trend component, which in this paper is considered as a deterministic factor [28,30,42]. Additionally, climatic data can be decomposed by separating the (almost deterministic) seasonal and the stochastic components [43]. Stochastic-deterministic models constitute a good compromise between full deterministic precise but very time consuming modeling, and stochastic quick but wide margin of error approach [30,43]. This combination offers an opportunity to model or reconstruct the data to achieve mid-range forecasts. Stochastic modeling often requires large datasets to be performing [43] at time scales where the deterministic approach is not effective [44].



The novelty of this study is to apply a non-linear deterministic approach in combination with stochastic modelling in order to reconstruct climate change dynamics on the time series measured in the health resort cities of the Kłodzko region. The stochastic-deterministic model that reconstructs the temporal dynamics was developed on the basis of historical data from meteorological stations in Lower Silesia [28,33,45]. Eventually, the paper shows how bioclimatic conditions are affected by meso-tropospheric circulation that occurs in the northern hemisphere, which is in turn affected by climate changes.



The reconstruction results were verified on the basis of meteorological measurements conducted in Słoszów and Długopole-Zdrój over the five years period ranging from April 2017 to March 2022.




2. Materials and Methods


The Kłodzko region is located in the southern part of the Lower Silesia voivodship and is limited from the west by the Central Sudetes and from the southeast by the East Sudetes. The altitudinal diversity of the area ranges from 240 m a.s.l. in the northern part to the highest peak in the East Sudety–Śnieżnik mountain 1423 m a.s.l. (Figure 1). All the health resorts were in the VI bioclimatic region (“submontane and mountain”) and characterized by a moderately stimulating and periodically strongly stimulating climate, with the exception of the Duszniki-Zdrój municipality which was characterized by a strongly stimulating and periodically moderately stimulating climate [2,46]. The size of the health resorts vary from 568 inhabitants in Długopole-Zdrój, which is the only village in the analyzed area, to almost 10,000 inhabitants in Kudowa-Zdrój.



Data provided by the Institute of Meteorology and Water Management (IMGW) cover the period 1980 to June 2014 for the Długopole-Zdrój station and the period 1980–2006 for Słoszów and Lądek-Zdrój stations. These stations have the status of climatic stations. Stations such as Kudowa-Zdrój or Polanica-Zdrój do not have archival data in the IMGW repository. The synoptic station in Kłodzko has complete meteorological records for the years 1966–2020. Access to the data was obtained using the climate tool of the R software environment [47,48]. Meteorological stations in health resort districts have the status of climate stations and measure wind speed and direction, air temperature, cloud cover, humidity, and precipitation. The synoptic station in Kłodzko meets WMO standards [49] and can be treated as a reference station for the whole region in the context of multiannual changes in the bioclimate of Kłodzko Land [45]. From April 2017 to March 2022, the author additionally conducted temperature and humidity measurements using HOBO U23 sensors. Data from 12 GMT were used to determine the bioclimatological conditions [50].



2.1. Bioclimatic Indexes


Indices such as UTCI require calculation of the components of the heat balance equation. The general human heat balance equation reads as follows:


  M + Q + C + E + R e s + K d = S  



(1)




where: M is metabolic heat production (both during rest and physical activity), Q is human absorbed solar radiation, C is turbulent sensible heat transfer (convection), E is turbulent latent heat transfer through evaporation (evaporation), Res is heat loss due to respiration, S is heat transfer balance. All heat fluxes are expressed in W∙m−2. Heat conductivity (Kd) with the ground is not included in the model due to negligible values. Components of heat balance between humans and the environment were determined according to equations described in MENEX [51]. Due to the application character of this work, the equations of human heat balance components will not be described in detail. Detailed descriptions can be found in the work of Błażejczyk [51].




2.2. Universal Thermal Climate Index (UTCI)


The UTCI is a function of air temperature Ta (°C), wind speed v (m⋅s−1), water vapor pressure e (hPa), and mean radiant temperature Tmrt (°C) [52]:


  U T C I = f  (   T a  , v , e ,  T  m r t    )   



(2)







The mean radiant temperature was also calculated using Bioklima 2.6 software [53] as in the following formula:


   T  m r t   =    (     R  I r c   + 0.5  L g  + 0.5    L a      s h · σ    )    0.25   − 273  



(3)




where R is the absorbed solar radiation by the human body (W⋅m−2), Irc is the coefficient reducing convective and radiative heat transfer through clothing, Lg is the ground radiation (W⋅m− 2), La is the atmosphere’s back radiation (W⋅m−2), sh is the emissivity coefficient for humans (0.95), and σ is the Stefan–Boltzmann constant (5.667⋅10− 8 W⋅m−2⋅K−4). The absorbed solar radiation (R) was calculated using the SolAlt model based on cloudiness (n [%]) and position of the sun (hSl [°]). The detailed formulas have been reported by Błażejczyk [51].



The scale of thermal stress was taken from the physiological model and is presented in Table 1. The range of limiting conditions in order for UTCI to be applicable is as follows: wind speed between 0.5 and 20 m⋅s− 1 [39], air temperature from −50 to 50 °C, mean radiant temperature and air temperature difference (Tmrt−Ta) should be from −30 to 70 °C, and relative humidity needs to be higher than 5% [54]. In the analysis presented here, only wind speeds that exceeded assumptions are presented above. There were 3261 observations in which the wind speed did not exceed 0.5 m⋅s− 1 (6%). For these values, measurements were set to the lower limiting condition of 0.5 m⋅s−1 [39]. For other limiting conditions such as high wind speed, air temperature limits, and differences between mean radiant temperature and air temperature (Tmrt−Ta), no values exceeded the assumptions.




2.3. Nonlinear Reconstruction of Historical Time Series and Validation with Current Meteorological Measurements


Reconstruction of the missing air temperature data for Słoszów and Długopole-Zdrój, where additional air temperature measurements were conducted, was based on the previous work performed in the Lower Silesia region [28,45]. In general, time series x(t) can be described as follows:


  x  ( t )  =  x s   ( t )  +  x f   ( t )   



(4)




where    x s   ( t )    is the long-term trend (slow component), whereas the fast component,    x f   ( t )   , may contain yearly seasonal variability,    x   f s     ( t )    a n d   correlated noise fluctuations    x   f c     ( t )   , so that the original data can be further described as:


  x  ( t )  =  x s   ( t )  +  x f   ( t )  =  x s   ( t )  +  x   f s     ( t )  +  x   f c     ( t )   



(5)







The seasonal variability    x   f s     ( t )    can be very well described by monthly average multi-year values and in order to determine the monthly fluctuations    x   f c     ( t )   , it has to be decomposed from the original time series along with the long-term trend. After standardization the correlated monthly fluctuations of    x   f c     ( t )    can be obtained using linear stochastic models, e.g., autoregressive AR(p) [43,45,55]:


   x   f c     ( t )  =   ∑   j = 1  p   ϕ j   (   x   f c     (  t − j  )  − μ  )  +  ε t   



(6)




with p being the autoregressive parameters ϕ(1), … ϕ(p), while the noise    ε t    is an uncorrelated Gaussian process with zero mean and unit variance [55].



The multi-year trend of    x s   ( t )    using a 3-dimensional autonomous system of ordinary differential equations (ODEs) based on 117 years of data for Wroclaw (1891–2007) has been presented in previous papers by Bryś and Bryś [56,57] and Głogowski et al. [28]. The autonomous system of differential equations (Equation (7)) used in the work of Głogowski et al. [28] was used to perform a nonlinear time series reconstruction to fill in the missing measurement history for the health resorts and the model coefficients are presented in Table 2:


   {       x ˙  =  c  1 , 1   +  c  1 , 2   x +  c  1 , 3   y +  c  1 , 4   z + ... +  c  1 , 10    z 3         y ˙  =  c  2 , 1   +  c  2 , 2   x +  c  2 , 3   y +  c  2 , 4   z + ... +  c  2 , 10    z 3         z ˙  =  c  3 , 1   +  c  3 , 2   x +  c  3 , 3   y +  c  3 , 4   z + ... +  c  3 , 10    z 3         



(7)







Validation of the time series reconstruction was performed on the basis of HOBO U23 sensor measurements from 2017 to 2022. Reconstruction of air temperature trend for these stations was performed on the basis of column   x ˙  , whose coefficients fill the equation   x ˙   that corresponds to air temperature.





3. Results and Discussion


3.1. Annual and Seasonal Variability of Bioclimatic Indicators in Health Resorts of the Kłodzko Region


On the basis of available meteorological data for all 4 analyzed stations (1980–2006), we can observe differences in bioclimatic conditions based on UTCI thermal classes (Figure 2). All stations are located within 20 km distance from Kłodzko in a straight line, while differences in altitude above sea level between the stations do not exceed 200 m (Kłodzko—356 m a.s.l., Długopole-Zdrój—398 m a.s.l., Słoszów—602 m a.s.l., and Lądek-Zdrój—461 m a.s.l.). Topoclimatic conditions are crucial for differences in bioclimatic conditions that occur in the region [2,23]. As part of Sudety Massif the region is associated with relatively frequent occurrence of foehn or foehn-like phenomena [36,58]. Due to denivelation as well as the diversity of land use, the area is prone to local convections and local wind circulation conditioned by orography, which is clearly visible in local variability of frequencies of particular thermal classes despite small distances between the examined stations.



Analyzing the annual variability of thermal classes (Figure 2), “Extreme cold stress” occurred with a frequency of 1.2% in Długopole-Zdrój and less than 0.4% in Kłodzko, Słoszow and Lądek-Zdrój; “Very strong cold stress” occurred with a frequency of 4.4% in Długopole-Zdrój, 3.2% Kłodzko, 2.4% Słoszów, and 2% Lądek-Zdrój; “Strong cold stress” occurred with a frequency of 11.2% in Długopole-Zdrój, 12.8% Kłodzko, 8.8% Słoszów, and 12.4% Lądek-Zdrój; “Moderate cold stress” occurred with a frequency of 21.2% in Długopole-Zdrój, 21.2% Kłodzko, 25.2% Słoszów, and 22.4% Lądek-Zdrój; “Slight cold stress” occurred with a frequency of 18% in Długopole-Zdrój, 18.4% Kłodzko, 19.2% Słoszów, and 20.4% Lądek-Zdrój; “No thermal stress” occurred with a frequency of 36% in Długopole-Zdrój, 36% Kłodzko, 34% Słoszów, and 40% Lądek-Zdrój; “Moderate heat stress” occurred with a frequency of 6% in Długopole-Zdrój, 6% Kłodzko, 4% Słoszów, and 8% Ladek-Zdrój; “Strong heat stress” occurred with a frequency of 1.6% in Długopole-Zdrój, 1% Kłodzko, 1% Słoszów, and 0.8% Lądek-Zdrój; “Very strong heat stress” occurred 6 times in Długopole-Zdrój, 1 time in Kłodzko, 3 times in both Słoszów and Lądek-Zdrój (Figure 2). The results are similar to those in studies by others conducting research in Poland [5,16,33,45,58,59,60,61,62,63].



The station characterized by colder thermal conditions is Słoszów, where thermal classes connected to cold occurred 5–10% more often than in the other three stations. The station Długopole-Zdrój experienced “Extreme cold stress” (33 times in December, 44 in January, 27 in February, and 6 in March—a total of 110). For comparison, in winter (DJFM) in Kłodzko classes characterized by “Extreme cold stress” were 29, in Słoszów 30, and in Lądek-Zdrój 23. The situation is similar for extreme heat classes. In the period 1980–2006, “Extreme heat stress” was never recorded; however, the next extreme thermal class “Very strong heat stress” occurred 6 times in Dlugopole-Zdrój during summer (JJAS), in Kłodzko 1 time, and in Lądek-Zdrój and Słoszów 3 times. “Strong heat stress” occurred in Długopole-Zdrój 144 times, while in Kłodzko 89 times, in Słoszów 50 times, and in Lądek-Zdrój 90 times. The frequency of occurrence of thermal classes for the period 1980–2006 shows that the most comparable bioclimatic conditions according to UTCI occur in Kłodzko and Lądek-Zdrój. Długopole-Zdrój is characterized by the most frequent occurrence of extreme thermal classes, while Słoszów is clearly cooler than the other three meteorological stations.



Annual courses of minimum, mean, and maximum values reflect thermal variability typical for the transitional climate of Poland (Figure 3). The minimum UTCI values in the Kłodzko region in 1980–2006 were as follows: −61.8 °C for Długopole-Zdrój in January, −55.4 °C for Słoszów in December, −52.9 °C for Lądek-Zdrój in December, and −49.5 °C for Kłodzko in December. The maximum UTCI values were 40.7 °C for Długopole-Zdrój in June, 40.4 °C for Słoszów in July, 39.4 °C for Lądek-Zdrój in July, and 38.3 °C for Kłodzko in July (Figure 3).



High standard deviations for individual months are also typical of UTCI variability (Table 3). The reason for such high variability is the sensitivity of UTCI to different meteorological components such as wind speed or air humidity. In January where the minimum UTCI value in Długopole-Zdrój was −61.8 °C, the maximum UTCI value was 12.9 °C which gives a difference of 74.7 °C. UTCI value of −61.8 °C occurred on January 15, 1987 at air temperature of 15.3 °C, relative humidity 82%, wind speed 12 m∙s−1, and full cloud cover, while a UTCI value of 12.9 °C occurred at air temperature of 11.1 °C, humidity 78%, wind speed 2 m∙s−1, and no cloud cover. The annual mean values along with maximum and minimum values correspond to the results of other bioclimatic analyses conducted in Poland [5,16,59,64].




3.2. Influence of Meso-Tropospheric Circulation on Changes in Bioclimatic Conditions


The analysis of the significance of changes in bioclimatic conditions was based on meso-tropospheric circulation epochs according to Degirmendžić and Kożuchowski [65]. Previous analyses [28,33] of bioclimate variability in the region showed a considerable influence of macrocirculatory phenomena such as North Atlantic oscillation (NAO) or Atlantic multiannual oscillation (AMO) on basic meteorological parameters and UTCI index. The reconstruction of a 180-year sequence of meteorological measurements of temperature, precipitation, and insolation for Wroclaw based on an autonomous system of ordinary differential equations [30,42,66] showed a dynamical behavior sharing the AMO periodicity [67]. Based on a previous study, the analyzed bioclimatic conditions were therefore divided according to the epochs of the meso-tropospheric circulation macrotypes E (1964–1988) and W (1989–2022) [29,34,65,68,69]. The boundaries of these epochs are consistent with the phase boundaries of the North Atlantic thermohaline circulation (NA TCH) [34,70]. Comparing the UTCI values by circulation epochs E (before 1988) and W (after 1988) accordingly to two comparative division variants of years: (a) 1966–1988; 1989–2011 for Kłodzko as a reference station (Figure 4), (b) 1980–1988; 1989–1997 for all analyzed stations (Figure 5). In both situations the higher UTCI values were observed in the W circulation phase in relation to E at all four stations.



The main factor that determines UTCI values is air temperature (Ta), but it should be borne in mind that wind speed (v), water vapor pressure (e), or mean solar radiation (Tmrt) also have an impact on UTCI. In the study by Głogowski et al. [33] for Kłodzko, a bioclimatic analysis as well as an analysis of individual meteorological parameters in terms of NAO was performed. Each of the analyzed elements showed a different correlation with respect to NAO phases; for example, cloudiness (n), which is a component of mean solar radiation (Tmrt) [33], showed an inverse correlation with NAO.



The influence of meso-troposphere E and W circulation epochs on bioclimate of the Kłodzko region was determined on the basis of differences between those epochs in mean air temperatures (Figure 6) and UTCI index (Figure 7) for period 1980–1997. Additionally, for the periods determined, a 30-day moving average was calculated (Figure 6 and Figure 7 red dashed line). We can observe that air temperature is higher in the W epoch on average from 0.5 °C to even 5 °C throughout the year for all analyzed stations (Figure 6). In the case of the UTCI index, this dependence is visible in three out of the four analyzed stations (Figure 7).



In Kłodzko, UTCI differences between circulation epochs are less visible in a period January–March than in other stations. The lowest situated station is Kłodzko (Figure 1) whose local climate is influenced by evaporation of the Nysa Kłodzka River and its several tributaries located on the outskirts of the town. The city is surrounded by Bardzkie Mountains, but the meteorological station is located on their distant plain foreground. This favors both the catabatic inflow of cold air and the formation of cold stagnation and radiation fogs, as well as their longer persistence during the day. As a result, Kłodzko is characterized by higher relative humidity than the other stations studied, which is also evident in the water vapor pressure [71]. Hygric differences between epochs W and E are small in Kłodzko in contrast to the other stations. These stations are not connected with hydrographic nodes and their topoclimate features are shaped by higher altitude, different exposure, local wind circulation determined by their mid-mountain and forest surroundings. Słoszów situated on the Lewińskie Hills is surrounded by the Stołowe Mountains to the north and the Orlickie Mountains to the south, Długopole-Zdrój—the Bystrzyckie Mountains to the southwest, Lądek-Zdrój—the Złote Mountains to the north and east, the Śnieżnik Massif to the south, and the Krowiarki Mountains to the west, which are the northern extension of the massif. Terrain evaporation in the vicinity of these stations is related to the availability of water in the soil, i.e., precipitation and duration of snow cover, which change in the subsequent periods of circulation. In consequence, the role of evaporation in the surroundings is weaker than in Kłodzko. Therefore, the bioclimate of these stations is more sensitive, especially in winter, to the variability of circulation epochs in comparison to Kłodzko.



Due to the fact that the Kłodzko land contained valued health resorts, the observed bioclimatic differences are an important argument for further conducting meteorological measurements there in order to trace changes impossible to capture by a single synoptic station in such a naturally diversified region of Sudety.




3.3. Reconstruction and Verification of Air Temperature in Słoszów and Długopole-Zdrój


The bioclimate of the Kłodzko region for the stations Słoszów, Długopole-Zdrój, and Lądek-Zdrój was previously analyzed for heat waves [60]. The linear increase in days considered as heat waves (Tair > 30 °C) as well as the increase in days with the thermal class “Very strong heat stress” (UTCI > 32 °C) for the multi-year period 1971–2010 and in the same multi-year period with atmospheric circulation according to Ojrzyńska [32] was presented. In that study, Miszuk [60] showed that the number of heat wave days for both air temperature (Tair > 30 °C) and UTCI (UTCI > 32 °C) is not increasing in a linear manner, but it is a dynamic variability with a positive trend over time. An attempt was made to map the non-linear variability of the long-term trend in air temperature over time for the analyzed stations with reference to the author’s earlier work [28], in which a non-linear model based on a system of differential equations was made on the basis of almost 120 years of observations of air temperature, precipitation, and insolation in Wrocław. This model further correlated well with the AMO [67].



The Ta time series generated by the model with parameters based on Table 2 was fitted to the respective stations of Długopole-Zdrój, Lądek-Zdrój, Słoszów, and Kłodzko by rescaling the initial condition of the model from dependence on the difference in altitude between the stations (100 m a.s.l. = +1 °C).



Figure 8 shows the 10-year moving average of air temperature, matched with the long-term trend of air temperature generated prior to the model from Table 2 [28]. The analysis of the residuals shows that the mean square error is respectively 0.25, 0.22, 0.27, and 0.23 for Długopole-Zdrój, Kłodzko, Lądek-Zdrój, and Słoszów. With such a performant fit, it was decided to reconstruct the data for Długopole-Zdrój and Słoszów, while comparing them with the author’s measurements collected using the Hobo-U23 sensor during the course of the study from April 2017 to March 2022. Although the model performed well in reproducing the measured data set, an increase of air temperature of about 1 °C was also observed. Oscillation caused by the AMO or NAO phenomena were likely triggered by past stress on the global climate caused by severe anthropic activities [24]. Those changes may be related both to regional increase of urbanization [72] and gas emissions [26,73] but also by global stressors, which are also responsible for the rising temperature of the oceans [74]. Such variability of air temperature for now is not above the accepted level of adaptation for humans but may change diversity of different species [75]. Increased air temperature by 1 °C also corresponds to the analysis by IPCC [25].



Data reconstructions were performed on the basis of three components: (1) non-linear long-term trend [28], (2) correlated fluctuations generated from the stochastic autoregression model [43] with parameter p = 1; AR(1) [45], and (3) seasonal variability as monthly mean values and the corresponding standard deviation. Components 1 and 2 were generated with a daily interval, while component 3 was aggregated according to respective months.



In accordance with the 3-σ law [76], the reconstructed data are within the interval defined by one standard deviation (σ-1) from the 30-day moving average of air temperature between autumn and winter (Figure 9). This means that the reconstructed data in Słoszów correctly represents the air temperature in relation to the measured data by about 67% or higher. The model overestimates values in the summer period for Słoszów. In Długopole-Zdrój, the model represents the values of air temperature in the period from spring to autumn with similar efficiency but overestimates the values in winter. These differences can be caused by topoclimatic conditions. The stations are located not only in different mountain massifs, but are also characterized by different exposures. For example, Słoszów, has an eastern exposure, while Długopole-Zdrój has northern exposure. Topoclimatic differences cause, for example, changes in the local direction and speed of the wind which explain the differences in UTCI between the stations studied.



Further monitoring of meteorological parameters such as wind speed and direction as well as air humidity will allow for a more precise estimation of changes both in the context of climate analysis and reconstruction, as well for short- and mid-term forecasting. Currently, despite the widespread use of climate models and reanalyses, the effectiveness of forecasts in places with different topoclimatic conditions is characterized by a much lower predictability.



In the long term, the reconstruction efficiency is sufficient and, despite dynamic climate changes in recent years, it is still able to reproduce the measured air temperature. The presented model has application potential for any location in the region that does not have a documented measurement history of meteorological conditions. Further research to determine the influence of macrocirculatory phenomena such as NAO and AMO on bioclimate may allow the described model to be used more universally for other locations where the influence of macrocirculatory phenomena is evident on a long-term basis. The model can also be used to reconstruct the meteorological data in Central Europe. Because the AMO oscillation also affects North America, the application of the model can be extended previa correcting the estimation parameters. Further investigation may also lead to extend its applicability not only to meteorological parameters but also to model bioclimatic conditions.





4. Conclusions


Bioclimatic analyses were performed for four localities of the Kłodzko region in the years 1980–2006 for Słoszów and Lądek-Zdrój, 1980–2014 for Długopole-Zdrój, and 1966–2020 for Kłodzko.based on data provided by the IMGW repository. Air temperature reconstruction dynamics were also performed on measurements done with HOBO-U23 loggers in Słoszów and Długopole-Zdrój during the five-year period (2017–2022). With the exception of Kłodzko, these localities are located in health resort districts where further meteorological measurements were discontinuous. The UTCI index was used to determine the bioclimate. Kłodzko was analyzed because it is the only synoptic station which serves as a reference point. It was shown that, in the Kłodzko region, despite its diversified topoclimatic conditions, the influence of macrocirculation phenomena plays a major role from a long-term perspective. The bioclimatic conditions in the multi-year period did not show anomalies both in terms of the occurrence of thermal stress classes and annual runs. The bioclimatic conditions were evaluated according to the cyclonic epochs of two periods: E (1980–1988) and W (1989–2006). It was shown that epoch W is characterized by a warmer air temperature in all analyzed stations, while bioclimatic conditions were higher in Długopole-Zdrój, Słoszów, and Lądek-Zdrój. Kłodzko shows almost identical conditions in both epochs, which may be caused by the available longer time-series. In addition, these differences may be caused by topoclimatic conditions and the lack of a mountain massif in close proximity compared to other stations.



In the next part of the study, an attempt was made to reconstruct air temperature as the main factor for determining the stimulus of most bioclimatic indices. It was shown that the model presented for Wrocław on the basis of data for 1891–2007 [28] built on a system of differential equations can be applied in the Kłodzko region after adjusting differences in altitude above sea level between Wrocław and the analyzed stations. The model of multiyear trend very accurately approximates the non-linear climate variability in a multiyear perspective for each of the four analyzed stations. The mean square error in the period 1990–2006 for Słoszów and Lądek-Zdrój and in the period 1990–2014 for Kłodzko and Długopole-Zdrój for each of the models after fitting ranged from 0.22 to 0.27.



In addition, model verification was performed by reconstruction based on three components: (1) non-linear multi-year trend, (2) correlated fluctuations generated on the basis of the stochastic AR(1) model, and (3) seasonal variability. Components 1 and 2 were generated with a daily interval, while component 3 was aggregated according to respective months. The reconstructed values were compared with the values of air temperature measured with our own HOBO-U23 logger in Słoszów and Długopole-Zdrój during the five-year period (2017–2022). The model correctly represented the air temperature in autumn, winter, and spring (in Słoszów at least 67%). Overestimated values were repeated cyclically every year in the summer period. In Długopole-Zdrój, on the other hand, the model was similarly effective in reproducing the values of air temperature in the period from spring to autumn, but overestimated the values of air temperature in winter. The model shows great potential for replication not only in the region, but also for different locations in Central Europe and after modification also in North America where the Atlantic oscillations are present. Presented analysis is beneficial for places that require meteorological analysis, but lack of continued measurement history is the issue. Since the model shows a high correlation with macrocirculatory phenomena such as NAO and AMO, further research to determine the impact of these phenomena on other locations may well allow the model to be used universally.
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Figure 1. Location of synoptic and climate stations from the IMGW repository in the Kłodzko region (SW Poland) along with station heights in meters above sea level. 
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Figure 2. Occurrence of UTCI thermal stress for the period 1980–2006 in the Kłodzko region. 
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Figure 3. Annual courses of minimal, average, and maximal UTCI values for multi-annual period 1980–2006 in the Kłodzko region. 
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Figure 4. Boxplots of bioclimatic conditions in Kłodzko with division into E (1966–1988) and W (1989–2011) circulation epochs. Black dots represent statistically outstanding values. 






Figure 4. Boxplots of bioclimatic conditions in Kłodzko with division into E (1966–1988) and W (1989–2011) circulation epochs. Black dots represent statistically outstanding values.



[image: Sustainability 14 06770 g004]







[image: Sustainability 14 06770 g005 550] 





Figure 5. Boxplots of bioclimatic conditions in all four stations with division into E (1980–1988) and W (1989–1997) circulation epochs. Black dots represent statistically outstanding values. 
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Figure 6. Differences in mean annual air temperature courses between W and E (W–E) circulation epochs in the Kłodzko region in years 1980–1997. The red dashed line indicates 30-day moving average. 
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Figure 7. Differences in mean annual UTCI runs between the W and E (W–E) circulation epochs in the Kłodzko region in years 1980–1997. Red dashed line indicates 30-day moving average. 
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Figure 8. Reconstructed long-term trend (red line) with comparison of 10-year moving average (black line) for four climate stations: 16 years for Lądek-Zdrój and Słoszów stations (1990–2006), 24 years for Klodzko and Długopole-Zdrój stations (1990–2014). 
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Figure 9. Reconstruction of air temperature (red dashed line) together with verification of own meteorological data (black line) made with HOBO-23U logger for two stations (Długopole-Zdrój and Słoszów) in the period April 2017 to March 2022. The grey box on the graph marks the sigma-1 area from the 30-day moving average air temperature. 
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Table 1. Assessment scale of UTCI [20].
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	UTCI (°C)
	Heat Stress Classes





	UTCI > 46
	Extreme heat stress



	38.1 < UTCI < 46
	Very strong heat stress



	32.1 < UTCI < 38
	Strong heat stress



	26.1 < UTCI < 32
	Moderate heat stress



	9.1 < UTCI < 26
	No thermal stress



	0.1 < UTCI < 9
	Slight cold stress



	−12.9 < UTCI < 0
	Moderate cold stress



	−26.9 < UTCI < −13.0
	Strong cold stress



	−39.9 < UTCI < −27.0
	Very strong cold stress



	UTCI ≤ −40
	Extreme cold stress
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Table 2. Coefficients of a 3-dimensional autonomous system of ordinary differential equations (ODEs).
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	x (1)
	y (2)
	z (3)





	c1
	−62.579494850917
	−4.486403039801
	0.477293701549



	c2
	0.4331222988862
	−0.033412364441
	0.002145656022



	c3
	−0.2237615300582
	−0.100186141212
	0.023175707507



	c4
	8.5159117999514
	2.161665825319
	−0.264916946833



	c5
	6.1482989371 × 10−6
	4.680494293 × 10−6
	8.651454913 × 10−8



	c6
	−0.0441722346235
	0.005695657529
	−0.000427317332



	c7
	−0.0075634983308
	0.019210919277
	0.000941485688



	c8
	−0.0001590541067
	−6.605875852 × 10−5
	6.194962197 × 10−6



	c9
	0.0033515051403
	−0.000693175621
	−0.000325469465



	c10
	−0.1197790303992
	−0.223554032039
	0.015477710082
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Table 3. Mean monthly values and their standard deviations (sd) for meteorological stations in the Kłodzko region in period 1980–2006.
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Station

	
I

	
II

	
III

	
IV

	
V

	
VI

	
VII

	
VIII

	
IX

	
X

	
XI

	
XII






	
Długopole-Zdrój

	
Mean

	
−14.4

	
−11.0

	
−3.7

	
4.8

	
13.7

	
18.2

	
21.9

	
21.8

	
15.2

	
4.7

	
−5.8

	
−12.9




	
sd

	
14.5

	
14.4

	
13.5

	
12.9

	
10.3

	
8.4

	
7.9

	
7.8

	
8.5

	
10.8

	
12.1

	
13.1




	
Kłodzko

	
Mean

	
−12.9

	
−12.9

	
−9.8

	
−5.2

	
4.3

	
13.6

	
18.0

	
21.1

	
21.3

	
14.6

	
5.0

	
−6.0




	
sd

	
12.0

	
12.1

	
11.7

	
10.5

	
8.6

	
7.7

	
7.5

	
7.3

	
7.8

	
9.7

	
10.5

	
11.7




	
Lądek-Zdrój

	
Mean

	
−9.9

	
−7.5

	
−2.0

	
7.3

	
15.6

	
18.4

	
21.4

	
21.5

	
14.9

	
6.6

	
−3.1

	
−8.8




	
sd

	
11.0

	
11.4

	
11.3

	
10.7

	
8.6

	
8.1

	
7.6

	
7.6

	
8.2

	
10.0

	
10.0

	
10.3




	
Słoszów

	
Mean

	
−12.7

	
−12.7

	
−10.1

	
−3.9

	
5.0

	
12.8

	
15.9

	
18.1

	
18.7

	
12.1

	
4.9

	
−5.0




	
sd

	
10.4

	
11.2

	
11.9

	
11.0

	
8.8

	
9.0

	
9.0

	
8.5

	
9.5

	
9.9

	
10.6

	
10.7
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