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Abstract

:

Small bodies of water in densely populated areas have not yet been thoroughly studied in terms of their ice cover. Filling the existing research gap related to ice cover occurrence is therefore important for identifying natural processes (e.g., response to climate warming and water oxygenation in winter), and also has socio-economic significance (e.g., reducing the risk of loss of health and life for potential ice cover users). This paper addresses the issue of determining the utility of two simple empirical models based on the accumulated freezing degree-days (AFDD) formula for predicting maximum ice thickness in water bodies. The study covered 11 small anthropogenic water bodies located in the Katowice Upland and consisted of comparing the values obtained from modelling with actual ice thicknesses observed during three winter seasons (2009/2010, 2010/2011, and 2011/2012). The best fit was obtained between the values observed and those calculated using Stefan’s formula with an empirical coefficient of 0.014. A poorer fit was obtained for Zubov’s formula (with the exception of the 2011/2012 season), which is primarily due to the fact that this model does not account for the thickness of the snow accumulated on the ice cover. Bengst’cise forecasting of the state of the ice cover and the provision of the relevant information to interested users will increase the safety of using such water bodies in climate warming conditions, reducing the number of accidents.
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1. Introduction


The thickness of a water body’s ice cover is one of the basic characteristics which define its ice regime [1,2,3,4,5,6]. Information on the average or maximum thickness of lake ice is usually set against the dates related to ice phenology [7,8,9].



The thickness of ice forming on water bodies is the result of several natural factors, the most important of which are air temperatures during winter, the location of the water body in question, the amount of heat accumulated in its water and bottom sediments, and the amount of snowfall, which translates into the thickness of the snow cover accumulated on the ice [1,2,4,10,11,12,13,14,15,16,17,18,19,20]. Additionally, ice thickness may be affected by anthropogenic factors, mainly consisting of thermal pollution (e.g., heated water) and the impact of so-called urban heat islands [18,21,22,23,24,25,26]. In recent decades, global warming has been considered to have an increasing impact on ice phenomena (including the formation of lake ice covers) [27,28,29]. This is due to the fact that, since the mid-19th century, the global average air temperature has risen by about 0.6 °C [30], while Poland saw an increase in average air temperature by around 1 °C in the second half of the 20th century [31].



In recent years, an increasing number of studies have emerged in which ice thickness has been modelled using more or less complex formulas [32,33,34,35]. The most commonly used models include the Canadian Lake Ice Model (CLIMo) [12,36,37,38,39,40], Minnesota Lake Model (MINLAKE96) [13,41], Multi-Year Lake Simulation Model (MYLAKE) [42,43], Freshwater Lake Model (FLAKE) [40,44], and Lake Ice Model Numerical Operational Simulation developed for Wisconsin lakes (LIMNOS) [45,46]. These are one-dimensional thermodynamic models developed mainly for lakes situated in North America (Canada and the United States); however, they can also be used to study other lakes located in temperate latitudes [42,43,46]. These models require the use of certain data that are often not available to researchers, for instance due to their inability to deploy portable weather stations (e.g., in densely populated urban areas where the risk of damage to, or theft of, research equipment is high). Ice thickness modelling and remote sensing data acquisition methods have recently become primary sources of data on ice cover on water bodies, which is dictated, inter alia, by financial, logistical, and personnel considerations [40,47,48].



Ice thickness modelling may be useful not only from a purely cognitive point of view, but also from the utilitarian one, e.g., to determine whether the ice is thick enough to guarantee safety, especially in regions where it is common to use ice covers on water bodies during the winter season [49,50]. Effective identification of ice cover thickness is also extremely important in the era of progressive climate warming and of new determinants of natural processes in lakes and anthropogenic water bodies, e.g., water circulation, the occurrence of gases, eutrophication, water acidification or alkalinisation, water salinity, and sedimentation conditions.



This paper discusses the utility of two simple empirical models based on the accumulated freezing degree-days formula for predicting the maximum ice thickness of several small water bodies [51,52]. The significance of the simple model studies proposed from the cognitive, methodological, and application points of view can be considered particularly high due to the fact that these models have been validated and tested on the basis of almost daily snow and ice thickness measurements conducted by the author in around a dozen water bodies in three consecutive winter seasons.




2. Materials and Methods


The study covered 11 small anthropogenic water bodies located in the Katowice Upland (Figure 1). The water bodies selected for the study have small surface areas and depths, which translate into small volumes of water retained. The studied water bodies emerged as a result of either intentional or unintentional human activities, and are all classified as endorheic and polymictic (Table 1). The selection of water bodies with similar surface areas, volumes, depths, hydrological characteristics, and mixing patterns was dictated by the desire to reduce the number of factors that could affect the thickness of the forming ice cover; water bodies into which warmer mine waters or river waters burdened with thermal pollutants flowed, which could inhibit ice cover development in such small water bodies, were not selected [26,53]. Endorheic and polymictic water bodies with small surface areas and volumes freeze almost simultaneously, which is also reflected in further changes in ice thickness and the ability to conduct objective observations [11,17].



The study was conducted during three winter seasons: 2009/2010, 2010/2011, and 2011/2012. Ice thickness measurements were conducted frequently: every two days during water body freezing and thawing, and every four days during the period when the ice cover persisted. During winter season 2011/2012, in two water bodies (Amendy and Żabie Doły S), ice thickness measurements were conducted every day from the date that ice phenomena started until they ended. The measurements were performed in the traditional manner, using an ice drill and a measuring staff with a millimetre scale [54,55]. The thickness of both the ice and the snow layer accumulated thereon were observed.



Ice thickness data obtained from field measurements were compared with the ice thickness values obtained from modelling. Two simple empirical models based on the accumulated freezing degree-day formula were used in the study [51,52].



The first model used was the formula put forward by Zubov [52] (Equation (1)):


  h = − 25 +     25 +  h 0    ² + 8  ∑    − T p      



(1)




where:



	
h—final ice thickness [cm];



	
h0—initial ice thickness [cm];



	
∑(−Tp)—the sum of negative air temperatures counted during the ice accumulation period [°C].






The second model used was the Stefan [51] formula as modified by Michel [32] and Latosri et al. [34] (Equation (2)):


  η =  a h   S   



(2)




where:



	
η—maximum ice thickness during the season [cm];



	
αh—empirical coefficient ranging from 0.014–0.017 m/°C−1/2·day1/2;



	
S—accumulated freezing degree-days (AFDD).






Originally, both models were used to predict maximum sea ice thickness.



Data on air temperatures were obtained from the meteorological station of the Institute of Meteorology and Water Management in Katowice-Muchowiec.




3. Results


3.1. Meteorological Features


The three consecutive winter seasons included in the study were characterised by quite different weather conditions, which translated into different conditions in which ice covers formed, persisted, and disappeared in the water bodies covered by the study.



During the 2009/2010 season included in the study, negative mean air temperature values were present for 73 days. Low daily air temperature values (below −10 °C) only persisted for 10 days. There were two brief thaw events during that season: the first was in the third decade of December, and the second lasted from the end of the second decade of February until early March. The sum of negative air temperature values during that season was −411.6.



In the 2010/2011 winter season, negative mean air temperature values were present for 72 days and low air temperature values persisted for 4 days. In that season, seven episodes with positive air temperatures were recorded, with the shortest two lasting two days each (in the first decade of December and in the second decade of February), and the longest one lasting almost two weeks (from 7 to 19 January). The sum of negative temperature values from the start until the end of the ice phenomena was −338.7.



In the 2011/2012 winter season, negative mean air temperature values were present for 48 days and very low air temperatures persisted for 15 days. In the first part of this season (from 11 November to 13 January), air temperatures oscillated around 0 °C, which favoured the rapid emergence and disappearance of ice phenomena on the water bodies which were studied. A significant drop in air temperature did not occur until the second half of January and it lasted for 35 days (Figure 2). In the third study season, the sum of negative temperature values was −296.4.




3.2. Snow Conditions


Snow conditions during the three seasons in which measurements were conducted varied (Table 2).



During the first study season, the average thickness of snow accumulated on the ice cover ranged from 4.1 cm to 7.9 cm with a mean of 5.2 cm. During that period, the maximum snow thickness ranged from 7.0 to 16.5 cm with a mean of 13.0 cm (Table 2). Snow cover thickness steadily increased during the winter season, reaching its maximum at the end of the first and at the beginning of the second decade of February. This was followed by a rapid decline in snow thickness.



In the second study season, the snow accumulated on the ice covering the water bodies was slightly thinner. The average thickness ranged from 2.5 cm to 4.6 cm with a mean of 3.7 cm, and the maximum snow thickness ranged from 6.0 to 11.0 cm with a mean of 9.0 cm (Table 2). During that study season, the thickest snow cover was recorded in the first part of the season (December), and, thereafter, a gradual decrease in snow thickness followed.



During the third study season, the average snow thickness ranged from 1.4 cm to 5.0 cm with a mean of 2.8 cm. The maximum snow cover thickness ranged from 4.0 cm to 21.5 cm with a mean of 11.0 cm (Table 2). During that season, thick snow only lasted for a short time, from late January until mid-February.




3.3. Ice Cover Thickness


Ice cover thickness during the three seasons in which measurements were conducted varied (Table 3, Figure 3 and Figure 4).



In the 2009/2010 winter season, the differences between the maximum ice thickness values observed and the maximum thickness values obtained by modelling using Zubov’s formula ranged from 7.0 cm (Maroko) to 16.0 cm (Rozlewisko Bytomki) with a mean of 10.0 cm (Figure 3, Table 3). A better fit between the model and the values observed was obtained using Stefan’s formula. In this case, the maximum thickness values modelled ranged from 28 cm to 34 cm depending on the coefficient which was adopted (Figure 4). The closest fit was obtained using a coefficient of 0.014. In this case, the differences between the thickness values observed and modelled ranged from 0.0 cm (Maroko) to 9.0 cm (Rozlewisko Bytomki) with a mean of 3.0 cm.



In the 2010/2011 winter season, the differences between the maximum ice thickness values observed and the maximum thickness values obtained by modelling using Zubov’s formula ranged from 7.0 cm (Trupek) to 14.0 cm (Grunfeld, Maroko) with a mean of 11.0 cm (Figure 3, Table 3). A better fit between the model and the values observed was obtained using Stefan’s formula. In this case, the maximum thickness values modelled ranged from 26 cm to 31 cm (Figure 4), and the differences between them and the values observed ranged from 4.0 cm to 9.0 cm on average. Again, the closest fit was obtained using a coefficient of 0.014. In this case, the differences between the thickness values observed and modelled ranged from 0.0 cm (Trupek) to 7.0 cm (Grunfeld, Maroko) with a mean of 4.0 cm (Table 3).



In the 2011/2012 winter season, the differences between the maximum ice thickness values observed and the maximum thickness values obtained by modelling using Zubov’s formula ranged from 0.0 cm (Trupek) to 6.0 cm (Amendy, Grunfeld, Maroko, Żabie Doły S) with a mean of 3.6 cm (Figure 3, Table 3). In the 2011/2012 winter season, in nine cases, the values modelled were lower than those observed. For Stefan’s formula, a better fit between the values observed and modelled was obtained for higher coefficient values (0.016–0.017) (Figure 4). On average, differences between the values observed and modelled ranged from 2.6 cm (for a coefficient of 0.016) to 8.0 cm (for a coefficient of 0.014). The maximum ice thickness values derived from the modelling were generally lower than the values which were observed (for coefficient values within the 0.014–0.017 range).





4. Discussion


Maximum ice thickness values usually occur in the second part of the winter season as a result of the gradual accretion of crystalline ice from below (in the first part of winter) followed by snow ice accretion from above [18,26,56]. The dynamics of both these processes determine the final thickness of the ice cover formed on the water body. Therefore, the most important factors that affect final ice thickness include air temperatures in the immediate vicinity of the water body, the amount of heat accumulated in the water and bottom sediments after the summer season, and the thickness of snow accumulated on the ice cover during the winter.



The three winter seasons which were studied differed in terms of the prevailing air temperatures and snowfall. During the first season, the ice cover grew gradually to reach its greatest thickness in late February. Almost from the very beginning of the ice phenomena, a thin (a few centimetres thick) layer of snow lay on the ice cover, which grew until the second half of February, reaching a dozen or so centimetres on most of the examined water bodies. Thus, ice accretion in the first part of the winter was inhibited by the layer of snow present on the ice, and when a thick layer of snow accumulated on the ice cover, the accretion of snow ice from above was triggered. The maximum ice thickness values which were observed differed significantly from those obtained from modelling using Zubov’s formula, which does not account for the snow layer that accumulates on the ice during winter. A better fit was obtained for Stefan’s formula, which is mainly due to the fact that it takes into account the role of snow cover in ice cover accretion; the smallest differences between the values observed and modelled were obtained for a coefficient of 0.014. During the second winter season, ice phenomena on water bodies persisted for a long period. At the same time, that winter was milder with periods of lower air temperatures interspersed with thaw episodes. In total, during the period when ice phenomena were present, there were as many as seven periods with positive mean daily air temperatures, which ranged from two days to almost two weeks in duration. A thick ice cover played a part in the vertical development of the ice cover from the beginning of that season. The maximum thickness of the snow accumulated on the ice cover in all studied water bodies was observed in the first part of the season (in December). The dynamics of ice thickness growth in the studied water bodies varied. In five water bodies, the maximum value was observed at the beginning of winter, while, in six, it was reached only at the end of the season. The maximum ice thickness values observed were smaller than the maximum thickness obtained using Zubov’s model by as much as 11 cm, which is mainly due to the fact that ice cover accretion at the beginning of the season was inhibited by the layer of snow accumulated thereon. Nevertheless, an important factor limiting the vertical development of the ice cover was the air temperatures during winter. Ice covers accumulated and melted several times as a result of thaw events. A much better fit of the values modelled was obtained using Stefan’s formula with the coefficient set at the levels of 0.014 and 0.015. In this case, the ice thickness values modelled were only overestimated by four centimetres (0.014) and six centimetres (0.015) on average.



The third winter season was the longest; however, at the same time, negative mean air temperatures persisted for only about one-third of the time during which ice phenomena were present. During the first two months of the season (from 11 November to 13 January), the mean daily air temperature oscillated around 0 °C, which resulted in the water bodies fully freezing and subsequently thawing several times. At that time, ice thickness did not exceed a few centimetres. A significant drop in temperature occurred in mid-January, with mean daily values remaining below −10 °C for more than two weeks. Subsequently, the air temperature started to gradually rise in late February. During that study season, no thick snow layer affected ice cover accretion in general. A snow cover of around a dozen centimetres persisted on the ice covers for almost two weeks; however, that was at a time when the ice covers had already reached their maximum thickness. The values modelled using both Zubov’s formula and Stefan’s model were slightly lower than the maximum observed ice thickness values. The maximum ice thickness modelled using Zubov’s formula was 30 cm, which was, on average, 2.7 cm lower than the thickness values observed in the water bodies. The best ice thickness fit was once again obtained using Stefan’s formula. The maximum ice thickness calculated using this model, with a coefficient of 0.016, was, on average, only 2.6 cm lower than the values observed. Slightly larger differences were noted for a coefficient of 0.017 (an average of 2.8 cm). Ice thickness was underestimated by much more when coefficients of 0.014 and 0.015 were used—by 8 cm and 6 cm, respectively. The fact that Zubov’s model achieved a much better fit in that season was due to the small contribution of snow cover—it first contributed to inhibiting ice cover growth and then to its accretion from above. For Stefan’s formula, higher coefficient values of 0.016 and 0.017 produced much better results than in the previous two study seasons.




5. Conclusions


In the study, two simple models were used to estimate the maximum thickness of ice forming on water bodies. These are based primarily on the accumulated freezing degree-days formula. The model fits varied across the winter seasons. In the first winter season, the ice thickness modelled by Zubov’s formula was, on average, 10 cm greater than the values observed; the difference represented on average 40% of the maximum ice thickness values observed in that season. The values obtained using Stefan’s formula were overestimated by between three and nine centimetres; the difference represented on average between 13 and 37% of the maximum ice thickness values observed. In the second winter season, ice thickness values modelled using Zubov’s formula were overestimated by an average of 11 cm, which represented, on average, 51% of the maximum ice thickness values observed in that season. Again, a much better model fit was obtained using Stefan’s formula, with the ice thickness values obtained using this formula overestimated by an average of four to nine centimetres, i.e., 19 to 42% of the maximum ice thickness values observed in that season. The best fit between Zubov’s model and the thickness values observed was obtained in the third study season. In this case, the modelled values were underestimated by an average of 3.6 cm, which represented, on average, 11% of the maximum ice thickness values observed during that season. A better fit between the model and the observed values was obtained using Stefan’s formula, but only for higher coefficient values (0.016 and 0.017), in which case the model’s underestimation was 2.6 cm and 2.8 cm, or 8% and 9% of the maximum ice thickness, respectively. Much poorer fits were obtained for coefficients of 0.014 and 0.015. In this case, the modelled ice thickness values were underestimated by 25% and 19% of the maximum ice thickness, respectively.



The study demonstrates that Stefan’s formula is the model that produces better empirically-validated results. During snowy winters, a better fit between the model and empirical results was obtained using lower coefficients (0.014 and 0.015), and during winters in which the effect of snow on ice cover accretion was negligible, a good fit was obtained using higher coefficient values (0.016 and 0.017). Zubov’s formula may be useful for estimating ice thickness in seasons when no thick snow cover is present on the ice. In general, both models may be useful for estimating ice thickness when the range of data used by more extensive models such as CLimo, FLake, MinLake, or BW88 is not available.
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Figure 1. Location of the anthropogenic water bodies studied in the Katowice Upland (southern Poland): 1—rivers; 2—water bodies studied (numbering as in Table 1); 3—meteorological station; 4—major towns. 
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Figure 2. Average air temperature values in the ice phenomena period for the winter seasons studied: 2009–2010 (1), 2010–2011 (2), and 2011–2012 (3). 
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Figure 3. Maximum thickness of ice on water bodies in Katowice Upland in 2009/2010, 2010/2011, and 2011/2012 winter seasons—observed and modelled values: (A)—2009/2010 winter season; (B)—2010/2011 winter season; (C)—2011/2012 winter season; 1–11—ice thickness observed in water bodies (water body numbering as in Table 3); 12—snow cover thickness, 13—maximum ice thickness according to Zubov’s formula. 
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Figure 4. Ice thickness on the water bodies of the Silesian Upland in the (A) first, (B) second, and (C) third winter season: I—ice thickness; No. of water body—ordinal number (numbering as in Table 3). 1—the maximum ice thickness values obtained from modelling using Stefan’s equation (coefficient values: a—0.014, b—0.015, c—0.016, d—0.017); 2—statistical parameters. 
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Table 1. Certain morphogenetic and hydrological parameters of the selected water bodies in the Katowice Upland.






Table 1. Certain morphogenetic and hydrological parameters of the selected water bodies in the Katowice Upland.





	No.
	Water Body
	Altitude [m a.s.l.]
	A [ha]
	Davg [m]
	V [103 m3]
	O
	H
	M





	1
	Akwen
	241.0
	2.4
	2.6
	62.3
	Pe
	B
	P



	2
	Amendy
	287.7
	1.3
	1.6
	21.4
	Pe
	B
	P



	3
	Grunfeld
	290.0
	3.9
	4.6
	179.0
	Pe
	B
	P



	4
	Maroko
	264.9
	8.1
	1.4
	109.5
	Pg
	B
	P



	5
	Rozlewisko Bytomki
	243.0
	1.2
	1.2
	14.3
	N
	B
	P



	6
	Skałka
	276.1
	5.9
	1.9
	110.3
	S
	B
	P



	7
	Smrodlok
	284.5
	2.9
	1.6
	46.4
	N
	B
	P



	8
	Szkopka
	245.2
	1.4
	1.6
	21.8
	Pg
	B
	P



	9
	Trupek
	288.0
	0.7
	1.2
	8.1
	Pe
	B
	P



	10
	Zbiornik przy Leśnej
	259.4
	0.3
	0.7
	2.0
	N
	B
	P



	11
	Żabie Doły S
	278.0
	2.6
	1.7
	43.3
	N
	B
	P







Notes: A—area; Davg—Average depth; V—Volume; O—Origin (N—subsidence bowl; Pg—polygenetic; Pe—former extraction pit; S—artifical bowl; H—Hydrological type (B—non-drained); M—Mixing type (P—polymictic).
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Table 2. Average (AT) and maximal (MT) snow cover thickness values on studied water bodies of Katowice Upland in the winter seasons of 2009/2010, 2010/2011, and 2022/2012 ([26] simplified).
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No.

	
Water Body

	
Season I (2009/2010)

	
Season II (2010/2011)

	
Season III (2011/2012)




	
AT

	
MT

	
AT

	
MT

	
AT

	
MT




	
[cm]






	
1

	
Akwen

	
7.8

	
15.0

	
3.8

	
8.0

	
4.7

	
21.5




	
2

	
Amendy

	
6.3

	
10.0

	
3.8

	
7.0

	
2.7

	
15.0




	
3

	
Grunfeld

	
4.7

	
15.5

	
3.1

	
9.5

	
1.8

	
8.0




	
4

	
Maroko

	
5.8

	
12.0

	
3.6

	
10.0

	
1.4

	
6.0




	
5

	
Rozlewisko Bytomki

	
5.3

	
12.0

	
3.5

	
6.0

	
2.2

	
6.0




	
6

	
Skałka

	
5.8

	
13.0

	
4.6

	
9.0

	
5.0

	
21.5




	
7

	
Smrodlok

	
6.8

	
17.0

	
4.1

	
11.0

	
2.5

	
8.0




	
8

	
Szkopka

	
4.1

	
7.0

	
3.5

	
8.0

	
2.5

	
7.5




	
9

	
Trupek

	
6.7

	
16.5

	
4.7

	
11.0

	
2.9

	
8.0




	
10

	
Zbiornik przy Leśnej

	
6.5

	
16.5

	
2.5

	
9.0

	
2.1

	
4.0




	
11

	
Żabie Doły S

	
5.1

	
9.0

	
3.8

	
10.0

	
2.5

	
15.5
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Table 3. Maximum thickness of ice cover on water bodies in Katowice Upland in 2009/2010–2011/2012 winter seasons.
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No.

	
Water Body

	
Max IT

	
Max Z

	
Max S




	
0.014

	
0.015

	
0.016

	
0.017






	
Season 2009/2010




	
1

	
Akwen

	
27.0

	
35.0

	
28.0

	
30.0

	
32.0

	
34.0




	
2

	
Amendy

	
23.0

	
35.0

	
28.0

	
30.0

	
32.0

	
34.0




	
3

	
Grunfeld

	
25.0

	
35.0

	
28.0

	
30.0

	
32.0

	
34.0




	
4

	
Maroko

	
28.0

	
35.0

	
28.0

	
30.0

	
32.0

	
34.0




	
5

	
Rozlewisko Bytomki

	
19.0

	
35.0

	
28.0

	
30.0

	
32.0

	
34.0




	
6

	
Skałka

	
24.0

	
35.0

	
28.0

	
30.0

	
32.0

	
34.0




	
7

	
Smrodlok

	
26.0

	
35.0

	
28.0

	
30.0

	
32.0

	
34.0




	
8

	
Szkopka

	
26.0

	
35.0

	
28.0

	
30.0

	
32.0

	
34.0




	
9

	
Trupek

	
27.0

	
35.0

	
28.0

	
30.0

	
32.0

	
34.0




	
10

	
Zbiornik przy Leśnej

	
26.0

	
35.0

	
28.0

	
30.0

	
32.0

	
34.0




	
11

	
Żabie Doły S

	
23.0

	
35.0

	
28.0

	
30.0

	
32.0

	
34.0




	
Season 2010/2011




	
1

	
Akwen

	
22.0

	
33.0

	
26.0

	
28.0

	
29.0

	
31.0




	
2

	
Amendy

	
21.0

	
33.0

	
26.0

	
28.0

	
29.0

	
31.0




	
3

	
Grunfeld

	
19.0

	
33.0

	
26.0

	
28.0

	
29.0

	
31.0




	
4

	
Maroko

	
19.0

	
33.0

	
26.0

	
28.0

	
29.0

	
31.0




	
5

	
Rozlewisko Bytomki

	
21.0

	
33.0

	
26.0

	
28.0

	
29.0

	
31.0




	
6

	
Skałka

	
21.0

	
33.0

	
26.0

	
28.0

	
29.0

	
31.0




	
7

	
Smrodlok

	
22.0

	
33.0

	
26.0

	
28.0

	
29.0

	
31.0




	
8

	
Szkopka

	
24.0

	
33.0

	
26.0

	
28.0

	
29.0

	
31.0




	
9

	
Trupek

	
26.0

	
33.0

	
26.0

	
28.0

	
29.0

	
31.0




	
10

	
Zbiornik przy Leśnej

	
22.0

	
33.0

	
26.0

	
28.0

	
29.0

	
31.0




	
11

	
Żabie Doły S

	
24.0

	
33.0

	
26.0

	
28.0

	
29.0

	
31.0




	
Season 2011/2012




	
1

	
Akwen

	
30.5

	
30.0

	
24.0

	
26.0

	
28.0

	
29.0




	
2

	
Amendy

	
36

	
30.0

	
24.0

	
26.0

	
28.0

	
29.0




	
3

	
Grunfeld

	
36

	
30.0

	
24.0

	
26.0

	
28.0

	
29.0




	
4

	
Maroko

	
36

	
30.0

	
24.0

	
26.0

	
28.0

	
29.0




	
5

	
Rozlewisko Bytomki

	
25

	
30.0

	
24.0

	
26.0

	
28.0

	
29.0




	
6

	
Skałka

	
36

	
30.0

	
24.0

	
26.0

	
28.0

	
29.0




	
7

	
Smrodlok

	
32

	
30.0

	
24.0

	
26.0

	
28.0

	
29.0




	
8

	
Szkopka

	
31

	
30.0

	
24.0

	
26.0

	
28.0

	
29.0




	
9

	
Trupek

	
30

	
30.0

	
24.0

	
26.0

	
28.0

	
29.0




	
10

	
Zbiornik przy Leśnej

	
32

	
30.0

	
24.0

	
26.0

	
28.0

	
29.0




	
11

	
Żabie Doły S

	
36

	
30.0

	
24.0

	
26.0

	
28.0

	
29.0








Notes: Max IT—measured maximum ice thickness (cm); Max Z—maximum ice thickness using Zubov’s formula (cm); Max S—maximum ice thickness usingStefan’s formula (cm), (0.14–0.017—coefficient values).
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