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Abstract

:

This study presents the results of a 5-year monitoring program of ice cover, water temperature, and local meteorological conditions carried out in three reference lakes in the periglacial zone of the Polish Tatra Mountains. On the basis of this information, the relationships between the weighted mean water temperature of each of these lakes and the air temperature, wind speed, precipitation, and ice–snow cover in the summer, spring, and autumn seasons, as well as year-round, were described, and the roles of the morphometry of lakes and the topography of their catchments were determined. It was found that the sensitivity of the lakes to climate warming increased with a decrease in their area/depth and shade, and with an increase in altitude and the share of wind-blown snow in the formation of the ice–snow cover. An increase in the mean annual air temperature does not necessarily translate into the warming of lakes, but, paradoxically, may result in their cooling. The current climate may not be best reflected by the most sensitive lakes, but rather by the largest ones located in the subalpine zone.
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1. Introduction


Glacial lakes are common in high mountains. Being open, complex, and dynamic systems characterised by the circulation of mass and the energy inherent in it, they both respond to external stimuli and impact the environment (e.g., water conditions and local climate). Most high-mountain lakes in the temperate zone freeze seasonally [1]. Even slight changes in air temperatures in the annual cycle are likely to result in changes in the thickness and duration of the ice cover [2,3]. Ice cover, in turn, by preventing the mixing of water by wind, changing the oxygen and lighting conditions, and limiting the exchange of heat between the atmosphere and the lake, influences the physical, chemical, and biological processes that shape the ecosystems of lakes [4,5,6,7,8,9,10,11,12,13].



Modern climate change (IPCC, 2021) leads to changes in the water temperature in lakes, causing lakes to freeze later, reduces the maximum thickness of ice cover, and causes ice to melt earlier [2,14,15,16,17,18,19,20,21,22]. While the ice-off timing depends primarily on weather conditions, the freezing process is largely determined by the lake morphometry [23], with the duration of ice cover also dependent on the topography of the catchment area [24,25]. This translates into highly ‘individualised’ ice phenomena on high-mountain lakes [2,26,27,28,29,30,31,32,33,34]. In this context, the climate–snow and ice cover–lake thermals relationship during extraordinarily wet and dry seasons may be significant [35,36].



The earliest water temperature measurements and observations of lake ice formation in the Tatra Mountains were carried out in 1804 [37]. The earliest thermal classifications of all lakes were proposed in the first half of the 20th century [38,39]. The local conditions behind the intra-annual lake oxygenation processes were also identified [40]. In the shore area of the lake with the largest area (Morskie Oko), where a permanent post of the Institute of Meteorology and Water Management operates, daily measurements of surface water temperature and the ice cover thickness have been systematically taken since 1971 [41]. During 2006–2010, the monitoring of water temperature profiles [42,43], and during 2006–2012, areal monitoring of ice thickness [44] and its internal structure [45] were carried out. However, year-round and simultaneous temperature measurements for a larger group of lakes were only taken in the years of 2000–2001 [24] and 2010–2011 [25]. They took into account the morphometry of the features investigated, and in the latter case, the potential irradiation controlled by the topography. However, the monitoring of water temperature was limited to the surface layer. Over the above timespans, no measurements of ice–snow cover and no local meteorological measurements were carried out. Therefore, during 2014–2019, we conducted comprehensive research into the variability and conditions of the thermal dynamics of three lakes in the Dolina Pięciu Stawów Polskich valley. According to the latest classification in terms of the duration of their ice cover, the lakes represent different classes [33]: medium–large, insolated lakes situated in the upper section of the subalpine zone and in the lower section of the alpine zone, and unclassified lakes (not similar to other ones).



Owing to the difficult terrain, climate conditions, and the risk of snow avalanches, the availability of a multi-year continuous data series of thermal processes and ice formation in high-mountain lakes is still limited. Meanwhile, such data are essential for understanding how mountain lakes respond to climate warming. In order to garner such an understanding, it is necessary to determine how lake size and morphology mediate the relations between climate variation and thermal dynamics in lakes [35,36]. The aim of our research was to evaluate (a) the multiannual variability in the thermal dynamics and (b) the ice cover of the lakes in the periglacial zone of the Tatra Mountains in combination with (c) the local meteorological factors, and to determine (d) the role of the morphometry of lakes and (e) the topography of their catchment areas in the shaping of the thermal sensitivity of lakes. The observed regularities may be helpful in projecting the impact of further climate change on high-mountain lake ecosystems.




2. Study Area


The Dolina Pięciu Stawów Polskich valley is located in the High Tatras, which is the highest mountain range of the Carpathians (Central Europe). The Tatras cover an area of approximately 790 km2 [46], about 22% of which lies in Poland, and the rest in Slovakia (Figure 1).



The contemporary climate of the Tatra Mountains is transitional between maritime and continental [47]. The mean annual air temperature decreases with the altitude from about 6 °C at an altitude of 850 m a.s.l. on the northern side of the Tatra Mountains, to <−2 °C on the highest reaches of the mountains [48]. The average annual precipitation ranges from 1000 mm at the foot of the northern slopes to 2000 mm in the peak areas, and the number of days with snow ranges from 80 to >210 [49,50]. Since the mid-twentieth century, the Tatra Mountains have observed an increase in air temperature, mainly in winter, with a simultaneous decrease in the annual snowfall totals [51,52]. The maximum thickness and duration of the snow cover [53] and the ice cover of the lakes [33,54] have also decreased. In 2015–2017, the Tatra lakes, with an area of >1 ha, were ice-covered for 122 to 235 days. In those years, the average number of days with the lakes covered by ice was 174 [33].



The lakes in the Dolina Pięciu Stawów Polskich valley are of glacial origin (tarn lakes). They are located above the upper tree line, where the environment has periglacial features [55]. This research involved activity on three lakes: Przedni Staw, Wielki Staw, and Zadni Staw (Figure 1). The first and last of the lakes have similar areas (7.8 and 7.1 ha, respectively) and volumes (1,130,000 and 918,400 m3, respectively). However, they are located at different altitudes (1668 and 1890 m a.s.l.) and they differ significantly in terms of the insolation of the catchment area. In contrast, Wielki Staw is situated in the immediate vicinity of Przedni Staw. However, its area is approx. 34.5 ha and its volume is as much as 12,967,000 m3 (Figure 1 and Table 1).




3. Data and Methods


3.1. Meteorological Data


The meteorological data were downloaded from the online database of the Institute of Meteorology and Water Management (IMGW): https://danepubliczne.imgw.pl (accessed on 12 July 2022). They comprised the mean daily air temperatures, wind speed and direction, and the daily amount of precipitation and cloud cover from December 2014 to November 2019 at the weather station in the Dolina Pięciu Stawów Polskich valley. The station is located near Przedni Staw (Figure 1), at an altitude of 1674 m a.s.l. Its horizontal distance from the lakes under investigation ranged from 100 m (Przedni Staw) to 2500 m (Zadni Staw), with altitudinal differences from 6 m to 216 m, respectively. Based on the data retrieved, the mean monthly and seasonal air temperatures, wind speed, as well as monthly precipitation totals and positive degree days were calculated.




3.2. Cartometric Methods


In the study, a digital elevation model (DEM) of the Tatras with a resolution of 1 × 1 m and the vector layer of lakes (shapefile) of the digital map of the hydrographic division of Poland were used [56]. On this basis, using the ArcGIS v. 10.5 software, the following were determined: the area, volume, maximum and average depth, length and width, altitude at the lake surface, and daily values of potential incoming solar radiation (PISR)—solar energy expressed in Watt-hours per square meter that could reach the areas from each sky direction in a given time [57]. Moreover, the areas of all the catchments were measured, including their highest and lowest elevations of terrain features and the exposure of their slopes. On the basis of cartometric data, the lake openness index (Lo), mean effective length (Le), mean inclination of the lake catchment (Binc), and Schindler’s ratio (RSchindler) were calculated [58,59,60]:


Lo = Al/Hmean



(1)




where Hmean—mean lake depth and Al—lake area.


Le = (L + W)/2



(2)




where L—lake length (fetch) and W—lake width (maximum distance perpendicular to L).


Binc = ΔH/√Ac



(3)




where ΔH—altitude difference of lake catchment and Ac—lake catchment area.


RSchindler = (Al + Ac)/V



(4)




where Al—lake area, Ac—lake catchment area, and V—lake volume.




3.3. Measurements and Processing of Field Data


Each month in the period from January 2015 to November 2019, the water temperature was measured across the vertical profiles of the studies lakes (Figure 1), and in the seasons with ice cover, the thickness of the latter was measured, separately for the snow, ice, and slush layers. The measurements were taken at fixed locations determined using a GPS receiver.



The water temperature was measured every 1 m to a depth of 10 m, then every 2 m to a depth of 20 m, and then every 5 m. In each case, the water temperature at the bottom was measured. The measurements were performed with the use of an 80 m-long temperature probe with a PP-100-80000 (RS401) resistance sensor and a Delta OHM (type HD 2107.1) meter. The instrument accuracy as determined through calibration by Czak Sp. J. (Katowice, Poland) was 0.2 °C and the instrument resolution was 0.01 °C. In the winter, holes in the ice cover were created with a MORA ICE Pro 120.8” hand drill, and a snow gauge with a 1 cm scale was used to measure the ice and snow thickness.



The results of the water temperature measurements for the individual lakes were visualised in two-dimensional profiles. In addition, on their basis, the values of the weighted mean temperature of water in the vertical measurement profiles and the index of thermal stratification of water (μ) were calculated [61]. The μ index is a numerical parameter that determines the degree of thermal stratification of lake water during the year:


μ = MWT/LSWT



(5)




where MWT—weighted mean temperature of water along the vertical profile and LSWT—lake surface water temperature to a depth of 1 m.



Values of μ equal to, lower, or greater than 1 indicate homeothermy, or summer or winter thermal stratification, respectively.




3.4. Remote Sensing Methods


The ice-on and ice-off timing of the study lakes in the successive seasons of 2014–2017 were taken from the work of Gądek et al. [33]. They were determined based on the analysis of Sentinel-2 and Landsat-8 satellite imagery, the colour compositions of which, with a resolution of 10 to 30 m, were retrieved from: https://apps.sentinel-hub.com (accessed on 12 July 2022) and https://earthexplorer.usgs.gov (accessed on 12 July 2022), and the analysis of footage recorded by the camera of the Tatra Mountains National Park located in the immediate vicinity of Przedni Staw was also helpful. Analogous data for 2018–2019 were collected based on direct field observations.




3.5. Statistical Methods


In order to identify the climatic sensitivity of the lakes being investigated, the statistical relationships between the temperature of their water, the ice–snow cover thickness on the measurement day, and the air temperature, wind speed, PISR and precipitation in the preceding monthly periods were examined. Using the Statistica 13 software, the normality assumption of the collected data (the normal distribution) was checked, and their maximum, minimum, and arithmetic mean values were determined. Following this, the values of Pearson’s correlation coefficients along with their statistical significances were calculated. On this basis, the variables that best explained the weighted mean temperature of the lakes (significance α ≤ 0.05) were selected, and multiple linear regression equations were developed using the least-squares method. In each case, the level of statistical significance (p), the correlation coefficient (r), the standard error (σ), and the adjusted R-squared (adj R2) were calculated. The latter parameter provides information about the extent to which the statistical model explains the variability in the dependent variable adjusted for the number of independent variables used. Selected regression models were distinguished by: (i) high statistical significance and adj R2, (ii) simplicity, and (iii) the possibility of their explanation by physical processes.





4. Results


4.1. Meteorological Conditions


The variability in the mean air temperature, total precipitation, and mean wind speed in the autumns (September–November), winters (December–February), springs (March–May), and summers (June–August) of 2014–2019 in the Dolina Pięciu Stawów Polskich valley are shown in Figure 2.



In the seasons preceding the formation of continuous ice cover on the lakes, the coldest conditions were observable in the autumns of 2017 and 2016, where the mean air temperatures were 2.5 °C and 2.8 °C, respectively. Meanwhile, the warmest conditions were recorded in the autumn of 2014 (5.0 °C). In the winter seasons, the mean air temperatures ranged from −6.7 °C (2017/2018) to −3.4 °C (2015/2016). In the remaining seasons, it varied from 0.04 °C (2015) to 2.9 °C (2018) in the spring and from 11.0 °C (2016) to 12.3 °C (2019) in the summer.



The total autumn precipitation ranged from 332.5 mm (2018) to 790.8 mm (2017). The winter season of 2016/2017 (236.2 mm) had the least snow, while the highest snowfall total was recorded in the winter of 2018/2019 (363 mm). Meanwhile, in spring, the lowest amounts of precipitation were observed in 2018 (355.4 mm), and the highest in 2017 (612.3 mm). In the summer seasons, the precipitation totals varied from 331.9 mm (2015) to 1036.0 mm (2018).



During 2014–2019, there was a prevalence of southerly winds, most often from the south-west and south, and less frequently from the south-east. The average wind speed in the autumn and winter seasons ranged from 3.4 m s−1 (autumn of 2016) to 5.3 m s−1 (winter 2014/2015). In the spring and summer, the wind speed ranged from 2.9 m s−1 to 4.3 m s−1.




4.2. Morphometry of the Lakes and of Their Catchments


The morphometric features of the investigated lakes and their catchments are presented in Table 1. Wielki Staw stands out among the lakes included in the research, since its area and volume are many times greater, and its depth, the openness index (Lo), and the effective length (Le) are twice as large as those of Przedni Staw and Zadni Staw. In turn, Zadni Staw is situated about 200 m higher than the other two lakes.



The studied lakes clearly differed in terms of the characteristics of their catchment areas. The catchment area of Wielki Staw is the largest and the least inclined of all. Przedni Staw has the steepest and most shaded catchment area, which has the greatest impact on the reservoir (the highest RSchindler value). In contrast, the catchment area of Zadni Staw is the smallest and most irradiated one.




4.3. The Thermal Dynamics of the Lakes


The key results of the monitoring of the thermal dynamics of the lakes in the Dolina Pięciu Stawów Polskich valley are presented in Figure 3. The waters of the studied reservoirs were only heated for 3–3.5 months a year. The waters were the warmest in the last week of August or the first week of September. The maximum values of the weighted mean temperature of the water were 5.7 °C in Wielki Staw (August 2018), 6.4 °C in Przedni Staw (September 2019), and 6.9 °C in Zadni Staw (September 2019). The lowest values of the weighted mean temperature of their water were recorded at the turn of March and April, and were 1.9 °C in Wielki Staw (April 2015), 2.0 °C in Przedni Staw (March 2018), and 2.5 °C (March 2017) in Zadni Staw (Figure 3a).



The maximum differences in the weighted mean temperature of the water in successive autumn and spring seasons were as follows: 2.6 °C in Wielki Staw, 2.6 °C in Przedni Staw, and 0.9 °C in Zadni Staw.



Over the study period, an increase in the weighted mean temperature of the water was recorded, both in the autumn and spring seasons



The degree of thermal stratification of the water (μ) of the lakes in 2015–2019 is shown in Figure 3b. The values of this index ranged from 0.35 to 34.61. In the periods of winter stratification, the greatest thermal stratification was linked to the supply of cold meltwater, while in the periods of summer stratification, the greatest thermal stratification was observable at the turn of August and September. In the summer and winter months, Zadni Staw was the warmest of all the lakes under investigation, despite the fact that it was usually the last to reach the state of spring homeothermy, and the first to develop it in autumn (Figure 4). In the summer and winter, Przedni Staw was usually cooler than Wielki Staw, but it reached the state of spring homeothermy the earliest.




4.4. Ice Cover Formation


4.4.1. Ice-On and Ice-Off Timing


The ice-on and ice-off dates, the duration of ice cover, and changes in its thickness and internal structure over the years of 2014–2019 for the lakes under study are presented in Figure 5 and Figure 6.



Over the timespan under study, the ice cover on Zadni Staw and Przedni Staw formed at the turn of November and December, and in the second half of December on Wielki Staw, with the ice-on timing on these three lakes falling on different days—the differences ranged from 3 days (2015/2016) to 37 days (2014/2015). The date when the individual lakes froze changed in the following years—the maximum differences ranged from 28 days in Wielki Staw to 33 days in Przedni Staw and 40 days in Zadni Staw. In each season, the ice cover formed first on Zadni Staw, and last on Wielki Staw.



The ice-off days fell in May–June. The ice-off timing differed from one lake to another, with the differences ranging from 12 days (2014/2015) to 23 days (2017/2018). The differences in ice-off timing in the individual years were as follows: 54 days on Wielki Staw, 40 days on Przedni Staw, and 47 days on Zadni Staw. Ice cover disappeared the earliest on Wielki Staw, and the latest on Zadni Staw.



The duration of continuous ice cover ranged from 122 days on Wielki Staw (2018) to 206 days on Zadni Staw (2019). The average duration of ice cover on the study lakes was 143 days on Wielki Staw, 165 days on Przedni Staw, and 177 days on Zadni Staw. The differences in the duration of ice cover on the lakes under investigation from one season to another ranged from 1 day (2016) to 54 days (2018). Meanwhile, the maximum differences in the number of days with ice cover on the individual lakes throughout the timespan under study were 47 days for Wielki Staw, 33 days for Przedni Staw, and 50 days for Zadni Staw. On average, the ice cover on Zadni Staw lasted 11 days longer than that on Przedni Staw, which in turn lasted by an average of 22 days longer than that on Wielki Staw.




4.4.2. Thickness of the Ice Cover


During the period when monitoring took place, the maximum thickness of ice cover on the survey lakes on the days when measurements were taken varied from 1.16 m (March 2018) to 1.55 m (March 2015) on Wielki Staw, from 1.12 m (March 2016 and April 2019) to 2.20 m (March 2018) on Przedni Staw, and from 1.45 m (April 2019) to 2.80 m (April 2017) on Zadni Staw. On each of these lakes, the locations with the thickest and thinnest ice cover did not change. The smallest variations in the maximum ice thickness in the corresponding months of the successive seasons were recorded on Wielki Staw (0.10 m on average), while the largest were on Zadni Staw (1.28 m on average). The greatest difference in the maximum thickness of the ice cover of Wielki Staw and Przedni Staw was 1.14 m (March 2018), while that of Wielki Staw and Zadni Staw was 2.67 m (April 2018). In the years 2015–2019, only on Wielki Staw lake did the variability in the maximum thickness of ice cover tend to decrease.




4.4.3. Internal Structure of the Ice Cover


During each measuring session, the ice cover on the studied lakes had a layered structure, with the thickness and number of layers varying in time and space (Figure 6). The share of slush in the structure of the internal ice cover ranged from 13.8% (January 2015) to 61.7% (April 2019) on Wielki Staw, from 10.9% (January 2018) to 47.8% (April 2017) on Przedni Staw, and from 32.3% (February 2016) to 63.2% (April 2017) on Zadni Staw. The average value of this share was close to 30% on Przedni Staw and Wielki Staw, and to 50% on Zadni Staw, with the interannual variability in the share of slush in the structure of the ice cover of the study lakes showing an upward trend.




4.4.4. Thickness of Snow Cover on the Lakes


During the study period, the maximum seasonal thickness of snow cover on the study lakes varied from 0.46 m (March 2016) to 0.80 m (April 2019) on Wielki Staw, from 0.33 m (March 2015) to 0.81 m (April 2019) on Przedni Staw, and from 0.61 m (April 2015) to 1.30 m (April 2017) on Zadni Staw. The spots where the snow had the greatest and smallest depths on each of these lakes did not change. The largest seasonal difference in the maximum thickness of snow cover on Wielki Staw and Przedni Staw was 0.33 m (March 2018), and that on Wielki Staw and Zadni Staw—0.79 m (April 2017).



In the years 2014–2019, the thickness of snow cover on Wielki Staw was increasing towards the SE shore (slopes of Miedziane). In contrast, on Przedni Staw, the snow cover grew thicker towards the NE shore (slopes of Niżnia Kopa), and on Zadni Staw towards the W shore (slopes of Walentkowy Wierch and Świnica) (Figure 1 and Figure 5).





4.5. Meteorological and Snow–Ice Controls of the Lake Temperature


The influence of meteorological factors on the thermal dynamics of the studied lakes changed both in space and time. In summer, in addition to being under the influence of air temperature, the temperature of all of the lakes was mainly impacted by wind speed and precipitation:


MWTVI-VIII_Wielki = 0.265 T + 0.275 Vw + 0.0009 ∑P + 1.11



(6)






p < 0.03; r = 0.99; σ = ±0.15 °C












MWTVI-VIII_Przedni = 0.119 T + 1.214 Vw + 0.0011 ∑P +0.65



(7)






p < 0.025; r = 0.99; σ = ±0.029 °C










MWTVI-VIII_Zadni = 0.466 T + 1.004 Vw − 0.0005 ∑P − 2.59



(8)






p < 0.02; r = 0.99; σ = ±0.22 °C








where MWTVI-VIII—weighted mean temperature of the water in June–August, Vw—mean wind speed in the month preceding water temperature measurement, and ∑P—precipitation total in the preceding month.



The above equations are statistically significant and explain from 94% to 99% (adj. R2) of the recorded variability in water temperature (Figure 7).



The variability in the water temperature of the studied lakes in autumn was primarily related to the variability in air temperature, irradiation, wind speed and precipitation:


MWTIX-XI_Wielki = −0.026 T + 0.00001 PISR + 0.0408 Vw − 0.0012 ∑P + 4.07



(9)






p < 0.00004; r = 0.99; σ = ±0.116 °C










MWTIX-XI_Przedni = − 0.156 T + 0.00004 PISR + 0.0818 Vw − 0.0015 ∑P + 3.17



(10)






p < 0.003; r = 0.97; σ = ±0.364 °C










MWTIX-XI_Zadni = −0.04 T + 0.00004 PISR − 0.0156 Vw − 0.0001 ∑P + 2.02



(11)






p < 0.004; r = 0.97; σ = ±0.548 °C








where MWTIX-XI—weighted mean temperature of the water in September–November, T—mean air temperature in the month preceding the water temperature measurement, PISR—mean potential incoming solar radiation in the preceding month, Vw—mean wind speed in the preceding month, and ∑P—total precipitation in the preceding month.



The above equations are statistically significant and explain from 88% to 95% (adj. R2) of the variability in MWTIX-XI (Figure 7).



In the periods when the lakes were ice-covered, the relations between the weighted mean temperature of the water and meteorological factors were only statistically significant in the spring seasons:


MWTIII-V_Wielki = 0.153 T − 0.431 Vw + 0.0264 Dsnow + 3.88



(12)






p < 0.0003; r = 0.94; σ = ±0.302 °C










MWTIII-V_Przedni = 0.211 T − 0.323 Vw + 0.0277 Dsnow +3.57



(13)






p < 0.002; r = 0.92; σ = ±0.406 °C










MWTIII-V_Zadni = 0.076 T − 0.139 Vw + 0.0147 Dsnow + 3.17



(14)






p < 0.016; r = 0.84; σ = ±0.211 °C








where MWTIII-V—weighted mean temperature of the water in March–May, PDD—sum of positive degree days in the month preceding the water temperature measurement, T—mean air temperature in the preceding month, Vw—mean wind speed in the preceding month, and Dsnow—thickness of the snow cover in the middle of the lake on the day of measurement.



The above equations explain from 60% to 85% (adj. R2) of the variability in MWTIII-V (Figure 7).



In general, over the study period, the thermal dynamics of the study lakes were most influenced by the air temperature and the thickness of ice–snow cover:


MWTI-XII_Wielki = 0.0068 PDD − 0.0127 Dice + 0.0076 Dsnow + 2.94



(15)






p < 0.00000; r = 0.93; σ = ±0.533 °C










MWTI-XII_Przedni = 0.0087 PDD − 0.0059 Dice + 0.0129 Dsnow + 2.46



(16)






p < 0.00000; r = 0.90; σ = ±0.669 °C










MWT I-XII_Zadni = 0.0087 PDD − 0.0093 Dice + 0.0373 Dsnow + 2.76



(17)






p < 0.00000; r = 0.87; σ = ±0.759 °C








where MWT—weighted mean temperature of the water, PDD—sum of positive degree days in the month preceding the water temperature measurement, Dice—thickness of ice cover in the middle of the lake, and Dsnow—thickness of snow cover in the middle of the lake.



The above equations are statistically significant and explain from 73% to 84% (adj. R2) of the recorded variability in water temperature (Figure 7).





5. Discussion


5.1. Influence of Air Temperature and Snowfall on the Thermal Dynamics of the Lakes


In the Tatras, thermal conditions and snowfall in autumn and spring play a crucial role in shaping the thermal dynamics of lakes. For example, in the 2014/2015 season, despite the cold and snowy winter and spring, the duration of ice cover on the lakes under investigation was short because the autumn was warm with little snow. However, the ice cover duration was shortest in the 2017/2018 season, when the autumn and winter were cold and snowy, but the spring was very warm. On the other hand, the exceptionally cold and snowy spring of 2019 caused the ice on the lakes to last the longest in the entire multi-year research period. The weighted mean annual water temperature of Wielki Staw in the hydrological year 2019 was lower, while that of the other lakes was higher than that in the year before, with the mean annual air temperature in 2019 being higher than that in 2018 (Figure 2). In both seasons, Przedni Staw was the coldest lake. Meanwhile, Zadni Staw was warmer than Wielki Staw in the season when the ice cover lasted shortest and cooler when the ice cover persisted for a long time. The differences in the duration of the ice–snow cover on the individual lakes changed from year to year. A similar importance of the lake ice–snow cover in the Sierra Nevada and Klamath Mountains of California (USA) was reported by Smits et al. [35,36].



5.1.1. Role of Ice–Snow Cover


The thickness and duration of ice–snow cover are interrelated and influence the thermal dynamics of the lakes. Snow deposited on lake ice, creating a layer with low thermal conductivity and high albedo, effectively limits heat exchange between the atmosphere and the lake. The circulation of water is then associated with gravitational currents and the heat released from the sediments [23]. Snow cover also influences the temperature of the lake by extending the presence of the ice cover. Moreover, ice cover bends down below the hydrostatic water level under the weight of snow, which in turn leads to the build-up of layers of slush/snow ice on congelation ice [62,63,64]. Melting ice–snow cover is, in turn, a source of cold water, which effectively cools the lake in the spring and may control the interannual variability in the lake’s thermal dynamics [65]. Thus, the decrease in the duration and thickness of snow cover in the Tatra Mountains along with the warming of the climate may reinforce the impact of climate warming on the thickness and duration of the lake ice cover [52]. In the last few decades, this has been observable on Morskie Oko lake [41,54,66].



In the years of 2014–2019, the duration of the ice covers on Wielki Staw and Przedni Staw depended on air temperature in the autumn and spring months, but they were most strongly associated with the maximum ice thickness, which, in turn, increased with the total amount of snowfall. As the duration and maximum thickness of ice cover increased, the number of slush layers it comprised increased and the maximum thickness of snow cover on its surface declined. The longer the ice cover lasted, the lower the temperature of the lakes in the summer months. On Zadni Staw, which is located at the highest altitude, the influence of snowfall on the formation of ice cover was ‘masked’ by aeolian processes. A large proportion of the snow deposited on the lake surface was blown in from the side of the main ridge (Walentkowy Wierch) on which snow cornices formed each winter.




5.1.2. Role of Lake Morphometry and Their Catchment Topography


In ice-free periods, in addition to the air temperature, the factors that disturbed synchronous fluctuations in the temperature of the water in the studied lakes included, first of all, their morphometry, altitude, and sun and wind exposure [2,24,25]. The importance of the morphometry of the lakes and the topography of their catchment areas was reflected, inter alia, in the intra-annual variability in the weighted mean temperature of the water in Wielki Staw, Przedni Staw, and Zadni Staw. Among the lakes under study, Zadni Staw, which lies at the highest altitude and is the one with the highest levels of irradiation, was warmest in the summer and winter months. In the latter case, the rapid development and considerable thickness of the ice–snow cover fed by wind-blown snow must have been the key factor (see Section 5.1.1). In contrast, in the summer, Przedni Staw was usually cooler than Wielki Staw, which lies at a similar height, but is much larger, deeper, and receives more sunlight. Obviously, the differences in the size of lakes translate into differences in their heat resources [67] and the thickness/duration of the ice cover [33,34]. Meanwhile, a long duration and large thickness of snow cover on lakes related to the elevation and topography of their catchment areas may cause lakes located higher to be warmer throughout the year than lakes situated at much lower altitudes, even if their size and geometry are similar. In the Dolina Pięciu Stawów Polskich valley, this effect was enhanced by: (a) intensified aeolian water mixing (faster cooling in autumn), (b) the fastest response to rainfall (high RSchindler value = faster cooling in autumn), (c) the blowing of snow away from the ice cover of Przedni Staw, (d) more favourable exposure to the sun for Zadni Staw, and (e) unfavourable exposure to the sun for Przedni Staw (Table 1). Moreover, the impact of a winter temperature inversion [25] between Zadni Staw and Wielki/Przedni Staw may have played a role.





5.2. Thermal Sensitivity of High Mountain Lakes


The increase in air temperature observable in the entire periglacial zone of the Polish Tatra Mountains [48,68] translates into a decrease in the annual number of days with snow cover and its maximum thickness [53,69]. This may further complicate the response of lakes characterised by different morphometric features and different topographies of the catchment area to climate warming.



In summer, Zadni Staw, which is well irradiated, heated up faster than Wielki Staw, which is larger and shaded, with the latter lake was distinguishable for its high sensitivity to wind speed and precipitation changes (Equations (6)–(8)). However, rainfall did not play a significant role in shaping the thermal dynamics of the lakes, and in the case of Zadni Staw, the heat supplied by rain was reduced during summer snowfall (Equation (8)). Meanwhile, in the autumn, both rainfall and snowfall accelerated the cooling of water heated in summer in all of the lakes, with the greatest amounts of precipitation recorded in the warmer spells of those seasons. Przedni Staw was the lake that was most sensitive to changes in the meteorological conditions at such times (Equations (9)–(11)). Additionally, in the spring, this lake responded fastest to changes in air temperature. The greater the amount of meltwater supplied to the lake (i.e., the thinner the snow cover) and the stronger the wind, the lower the lake water temperature (Equations (12)–(14)). In general, small lakes (Przedni Staw and Zadni Staw) are most sensitive to changes in air temperature throughout the year, but the relationships between the air and lake temperatures are most strongly associated with the formation of ice–snow cover (Equations (15)–(17)). Therefore, it can be assumed that, in the Tatras, small, high-altitude reservoirs with high irradiation, systematically supplied with wind-blown snow, are most sensitive to climate warming. Owing to the progressive reduction in the size of these lakes under the influence of slope processes [70], their sensitivity is bound to increase gradually. These observations are consistent with the results of the classification of the Tatra lakes in terms of the duration of their ice cover based on their similarities in terms of altitude, morphometry, and topographical conditions [33]. However, the increase in air temperature, the decrease in the thickness of ice–snow cover, and its duration need not result in growth in the mean annual temperature of lakes, and the lakes located at the highest altitudes and with the longest ice cover do not have to be the coolest ones.





6. Conclusions


	
The intra-annual variability in the thermal dynamics of lakes is primarily related to the variability in air temperature, solar irradiation, wind, and precipitation. The Tatra lakes usually heat up in June–August. Autumn rain/snowfall and winter snowfall enhance and limit water cooling, respectively. Wind, both in the summer and autumn, amplifies the influence of changes in air temperature, solar irradiation, and precipitation. Meanwhile, in the winter, by influencing snow distribution (blowing snow in/away), it can control/differentiate the cooling rate of ice-covered lakes more than other meteorological factors.



	
The interannual variability in the thermal conditions of lakes in the Tatras is primarily associated with the variability in air temperature and ice cover. Notably, the duration of ice–snow cover mainly depends on the thermal and precipitation conditions in autumn and spring.



	
Although melting snow and ice are sources of cold water, the annual heat losses of lakes in the periglacial zone of the Tatra Mountains are inversely proportional to the thickness of seasonal ice–snow cover. Therefore, both in winter and summer, lakes situated at high altitudes and with high solar irradiation can be warmer than lakes that are located much lower, but shaded, even if their shapes and sizes are similar. Thus, climate warming and the accompanying decrease in the thickness and duration of lake ice need not give rise to an increase in the mean annual water temperature, but may instead sometimes even cause the lake to cool.



	
The sensitivity of the Tatra lakes to a rise in air temperature increases with a decrease in their surface/depth and shading, as well as with an increase in the altitude and share of wind-blown snow in the formation of ice–snow cover. Given the many possible combinations of these features, lakes exhibit great spatial and temporal variability in thermal dynamics and ice cover. Small reservoirs, situated at high altitudes, with high solar irradiation and receiving wind-blown snow, are most sensitive to climate warming, which involves a decrease in snowfall. However, considering the complex interactions between the thermal dynamics and ice formation on lakes, and the rate of heat exchange, it seems that the present-day climate change in the Polish Tatras may be best reflected not by these most sensitive lakes, but by the largest ones located in the subalpine zone.
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Figure 1. Location of the study area and measuring sites on the lakes: Przedni Staw, Wielki Staw, and Zadni Staw. 
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Figure 2. Variability in the mean air temperature (line), precipitation totals (bars) (a), and average wind speed (b) in the autumn (A), winter (W), spring (S), and summer (Su) seasons in 2014–2019 in the Dolina Pięciu Stawów Polskich valley. 
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Figure 3. Variability in the weighted mean water temperature along the vertical profile (a) and the index of thermal stratification (b) in the lakes of the Dolina Pięciu Stawów Polskich valley in 2015–2019. 
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Figure 4. Variability in the thermal stratification of the lakes in the Dolina Pięciu Stawów Polskich valley: an example from 2018 (values of isotherms/water temperature in degrees Celsius). 
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Figure 5. Duration of the ice cover (a) and the maximum thickness of snow and ice with the number of slush layers (b) on the lakes in the Dolina Pięciu Stawów Polskich valley in 2014–2019. 
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Figure 6. Variability in the thickness and internal structure of the ice and snow cover of the lakes in the Dolina Pięciu Stawów Polskich valley: an example from 2015. White, grey and black colours: snow, slush, and ice, respectively. The numbered measuring sites are shown in Figure 1. 
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Figure 7. Weighted mean water temperature of the lakes of the Dolina Pięciu Stawów Polskich valley in 2015–2019 determined on the basis of measurement data (black signatures) and Equations (6)–(17) (white signatures). 
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Table 1. Morphometry of the lakes and their catchments in the Dolina Pięciu Stawów Polskich valley.
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Properties

	
Wielki Staw

	
Przedni Staw

	
Zadni Staw






	
Lakes




	
Al—Lake area (ha)

	
34.5

	
7.8

	
7.1




	
V—Volume (m3)

	
12,967,000

	
1,130,000

	
918,400




	
Hmax—Max. depth (m)

	
79.3

	
34.6

	
31.6




	
Hmean—Mean depth (m)

	
37.98

	
14.68

	
14.19




	
Lo—Lake openness index

	
9083.73

	
5313.35

	
5003.53




	
Le—Mean effective length (m)

	
725.0

	
349

	
308.5




	
Lake catchments




	
Ac—Catchment area (ha)

	
373.45

	
93.67

	
63.7




	
ΔH—Altitude difference (m)

	
637

	
518

	
411




	
Binc—Mean inclination (‰)

	
329.63

	
535.22

	
514.96




	
RSchindler—Schindler’s ratio

	
0.32

	
0.9

	
0.77




	
Exposure (%)

	
N

	
21.42

	
60.4

	
4.26




	
E

	
26.46

	
1.84

	
14.42




	
S

	
34.56

	
1.97

	
56.65




	
W

	
17.56

	
35.78

	
24.67




	
PISR—Potential incoming solar radiation (Wh/m2/a)

	

	
12,787.74

	
10,975.38

	
12,977.43
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