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Abstract. This paper presents a method for determining the impact of dam reservoirs on the ice cover of rivers downstream 9 

ofbelow their locations based on a long measurement period (1950–2020) and synthetic-aperture radar (SAR) data. Two 10 

rivers and two sets of dam reservoirs located in the Carpathian Mountains (central Europe) were selected for this study. In 11 

order to estimate the influence of their reservoirs, a logistic regression model was built to describe the relationship between 12 

the course of air temperature and the occurrence of ice cover (i.e., total ice cover and border ice) at water gauge cross 13 

sections upstream and downstream of above and below the reservoirs. The influence of reservoirs was then defined as the 14 

differences between the number of days with ice covervalues predicted from air temperature and those observed at the water 15 

gauge cross sections. Additionally, the extent of the impact of the reservoirs was estimated based on SAR data (Sentinel-1) 16 

by identifying river sections downstream ofbelow the reservoirs on which total ice cover did not form despite the persistence 17 

of very low air temperatures. This study demonstrates that dam reservoirs are an important factor in transforming the ice 18 

regime of rivers. The occurrence of ice cover as a result of reservoir operations could decrease by over 80% in the sections 19 

immediately downstream of reservoirs. The impact of the reservoir on river ice cover diminishes as the distance from the 20 

reservoir increases. We found that decreases in the incidence of ice cover as a result of their operation could exceed 80% in 21 

the sections immediately below their location, and that this reduction decreased as the distance from the reservoir increases. 22 

Using According to SAR data, it was estimated that total ice cover did not form in sections 26–60 kilometers downstream 23 

ofbelow the reservoirs, despite the presence of favorable thermal conditions. Based on the results of the study presented here, 24 

it can be assumed that in areas where many dam reservoirs are located, the ice regime of rivers is significantly transformed, 25 

which should be taken into account when studying river ice cover. Based on the research results presented here, it is 26 

reasonable to assume that the rapid increase in the number of dam reservoirs worldwide in the second half of the 20 th century 27 

is an important factor transforming the ice regime of rivers. This study also demonstrates that the logistic regression model 28 

and SAR data are useful tools for assessing the impact of dam reservoirs on river ice cover. 29 
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 33 

1. Introduction 34 

Over the course of the 20th and 21st centuries, human impact on the natural environment has increased significantly. The 35 

transformation of the environment and its effects, previously occurring on a local scale, have now begun to be observed on a 36 

regional and global scale. The rapid increase in the impact of human activity since the 1950s has affected both biotic and 37 

abiotic aspects of the environment and has been dubbed the Great Acceleration (Lewis and Maslin, 2015). The section of the 38 

environment undergoing the most significant change is the terrestrial part of the Earth's cryosphere. This is mainly because 39 

of climate change and a significant increase in air temperature, particularly in cold areas (Fox-Kemper et al., 2021). Since the 40 

second half of the 20th century, there has been a decline in the extent and mass of ice sheets, mountain glaciers, and snow 41 

cover, as well as notable melting of permafrost (Fox -Kemper et al., 2021). Significant changes have also been observed in 42 

the river ice phenomena, which due to their periodic nature and the relatively small volume of river ice, are particularly 43 

sensitive to climatic variability and human influence (Newton and Mullan, 2021). 44 

Dam reservoirs are an example of anthropogenic elements of the geographic environment that can significantly affect the 45 

ice regime of rivers. Such structures change the conditions of ice processes in rivers, mainly through alterations in the flo w 46 

volume and change in the thermodynamics of rivers downstream reservoir location in winter (e.g., Starosolszky, 1990; 47 

Takács et al., 2013; Maheu et al., 2014; Takács and Kern, 2015; Pawłowski, 2015; Apsîte et al., 2016; Chang et al., 2016). In 48 

cold and temperate climate zones, due to the occurrence of thermal stratification in the reservoir and the release of bottom 49 

hypolimnion waters, the operations of the reservoir cool the river downstream in summer and warm it in winter, which 50 

translates into a reduction in the annual amplitude of water temperature. This effect is most pronounced immediately 51 

downstream of the reservoir and decreases with increasing distance (Cai et al. 2018). Higher river water temperatures 52 

downstream of the reservoirs during winter have been recorded for both large and relatively small reservoirs (<20m, Maheu 53 

et al. 2014). The increase in water temperature downstream of the reservoir may impede the phase transformation and ice 54 

cover formation. Reservoirs also act as barriers to moving ice forms. Because ice and ice floes are intercepted, they 55 

contribute to the formation of the total ice cover downstream of the dam to a lesser extent (Starosolszky, 1990). Moreover, 56 

reservoirs capture ice and sediment which can also result in their reduced amount downstream of the dam. This, in turn, 57 

leads to fewer nucleating particles which potentially affects the freezing process (Michel, 1961; Osterkamp and Gilfilian, 58 

1975; Carlson, 1981; Chen et al. 2023). Reservoirs also modify the discharge hydrograph: by increasing or decreasing the 59 

volume of flow, they can affect the timing of river ice cover formation and breakup (Houkuna et al., 2022).   60 

As a result of dam reservoir operation, an ice regime can be transformed over sections of several to even several hundred 61 

As a result of dam reservoir operation, an ice regime can be transformed over sections of several to even several hundred 62 

As a result of dam reservoir operation, an ice regime can be transformed over sections of several to even several hundred 63 

As a result 64 

of dam reservoir operation, an ice regime can be transformed over sections of several to even several hundred kilometers, 65 
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sometimes causing the complete disappearance of ice phenomena (Maheu et al., 2014; Pawłowski, 2015; Chang et al., 2016). 66 

Pawłowski (2015) showed that the construction of the Wloclawek dam reservoir on the Vistula River (Poland, Central 67 

Europe) resulted in a 26% reduction in the duration of ice cover and a 47% reduction in all ice phenomena downstream 68 

ofbelow its location. Chang et al. (2016) showed that the construction of the Longyangxia and Liujiaxia reservoirs on the 69 

Yellow River (northern China) resulted in a reduction in the ice cover duration of the river by 8–33 days and a reduction in 70 

the thickness of the ice cover by 16–25 cm. This effect has also been noted in small rivers with small and medium-sized 71 

reservoirs. For example, Maheu et al. (2014) showed that the operation of small dam reservoirs in eastern Canada resulted in 72 

change in the thermal regime of rivers and the disappearance of ice phenomena in rivers over a distance of 0.3–2.5 km. 73 

Despite the significant role of dam reservoirs in transforming the ice regimes of rivers, the problem is relatively under-74 

researched. Most studies have focused on comparing ice parameters in the riverbed before and after reservoir construction on 75 

large lowland rivers for which long measurement series are available. Despite the significant role of dam reservoirs in 76 

transforming the ice regimes of rivers, the problem is relatively poorly recognized in many ways. Most studies focus on 77 

assessing the impact of individual reservoirs, neglecting the regional and global aspects of this issue. It has been estimated 78 

that there are more than 8,000 dam reservoirs in ice regime areas, most of which are located in central and northern Europe, 79 

eastern Asia and the central section of North America (Fukś, 2023). The main difficulty in assessing the impact of dam 80 

reservoirs on river ice cover comes in distinguishing whether changes are due to operational or climatic factors. So far, in 81 

order to study reservoirtheir impact, ice phenomena have been compared during periods with similar thermal conditions 82 

(usually determined by the average air temperature of winter) before and after the construction of reservoirs (e.g., Takács et 83 

al., 2013; Pawłowski, 2015; Chang et al., 2016). This approach makes it possible to assess the impact of reservoirs only on 84 

the basis of selected single years in which the relevant thermal and hydrological conditions occurred. However, in order to 85 

accurately characterize the role of reservoirs in transforming the ice regime of rivers, it is necessary to conduct accurate, 86 

quantitative assessment of thetheir impact of reservoirs on river ice cover for long periods. Another issue is the small number 87 

of studies based on remote sensing data (including radar) for relatively small mountain rivers, where the course of ice 88 

processes is poorly understood (Thellman et al. 2021). This results in poor understanding of the extent of the influence of 89 

dam reservoirs on river ice cover (especially small mountain rivers), making it difficult to estimate their role on a regional or 90 

global scale. 91 

The main objective of this study is to determine the impact of Carpathian dam reservoirs on the ice cover of rivers 92 

downstream of below their locations based on long observation series and radar (SAR) imaging. Specific objectives include: 93 

(1) develop and present a method to quantitatively assess the impact of dam reservoirs on the duration of ice cover based on 94 

measurement data from water gauge cross sections; (2) estimate the extent of the impact of dams of their impact based on 95 

satellite radar imagery (SAR) and assess the feasibility of using Sentinel-1 satellite radar data to determine the extent of 96 

reservoirs’ impact on the ice cover of this type of river. The essential hypothesis tested here is that dam reservoirs, at local 97 

and regional scales, have a greater impact on transformations in the occurrence of river ice cover than climate change. 98 
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2 Study area, data, and methods 100 

2.1 Study area 101 

The study was based on two sets of dam reservoirs located in the Outer Western Carpathians (Solina-Myczkowce) and 102 

the Central Western Carpathians (Dunajec- Sromowce Wyżne) in central Europe (Fig. 1). These reservoirs are located on 103 

two second-order mountain rivers whose sources are in the higher reaches of the Carpathians: the Dunajec and the San 104 

rivers. The average annual flow of the Dunajec at its mouth averagesis more than over 84 m3.s-1 with a catchment area of 105 

6735 km2, while that of the San averages 134 m3.s-1 with a catchment area of 16,824 km2 (Punzet, 1991). The width of the 106 

rivers in the sections downstream ofbelow the dams varies from 30 m to more than 100 m. The basic characteristics of both 107 

sets of reservoirs are shown in Table 1. 108 

 109 

Table 1: Characteristics of the studied reservoirs. 110 

Reservoir River 
Year of 

completion 

Total 

capacity 

[milion m3] 

Type of dam 
Damming 

height [m] 

Average inflow 

during the 

winter [m3.s-1] 

Average outflow 

during the 

winter [m3.s-1] 

Czorsztyn Dunajec 1997 231,9 ground dam 52 

20,6 20,4 Sromowce 

Wyżne 
Dunajec 1994 7,42 ground dam 10 

Solina San 1968 473,0 concrete dam 58 
24,1 24,6 

Myczkowce San 1961 10,0 ground dam 15 

Source of data: Hennig et al. 1991; Bajorek et al. 2003 111 

The two reservoir complexes studied in here consist of a main reservoir and an equalization reservoir. The Czorsztyn and 112 

Solina reservoirs are intended mainly for electricity production, and play a role in flood control, while the Sromowce and 113 

Myczkowce reservoirs serve as equalizing reservoirs for daily flow fluctuations caused by the operation of hydroelectric 114 

power plants. Both reservoirs significantly affect the thermal regime of the rivers downstream ofbelow their locations. It has 115 

previously been shown that the operation of the hydroelectric power plant at the Solina reservoir significantly transforms the 116 

thermal regime of the Myczkowce reservoir, and consequently of the river downstreambelow it, warming it in winter by 117 

about 2 °C (Lewinska and Lewinski, 1972). In the case of the Czorsztyn-Sromowce reservoir complex, studies have shown 118 

that reservoirthey warm the temperature of the Dunajec waters downstream ofbelow the reservoir by 1-2°C (Wiejaczka et al. 119 

2015, Kędra and Wiejaczka, 2017). In addition, the synchronization between air and water temperatures in the river 120 

downstream of the reservoirs was also disrupted by the dam operation (Kędra and Wiejaczka, 2016). Both reservoirs 121 

transform the discharge of the river downstream of their locations, relative to natural conditions, due to the operation of 122 

hydroelectric power plants and equalization reservoirs. During the winter this is evidenced by the rise in river water levels 123 

downstream of the reservoir.  124 

Sformatowano: Wcięcie: Pierwszy wiersz:  0.5 cm
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The San River catchment area (Solina-Myczkowce reservoir complex) is characterized by low population density (<20 125 

people/km2). No large cities are located along the river, and the entire upper part of the catchment area is located within the 126 

Bieszczady National Park and is protected. Therefore, it can be assumed that the ice and thermal regime of this river is not 127 

significantly impacted by human activity (except for the operation of the reservoir). In the case of the Dunajec River 128 

(Czorsztyn-Sromowce reservoir complex), the population density is higher and reaches up to 200 people/km2. The upper 129 

part of the Dunajec River basin is located within the Tatra National Park and is protected. Several cities and dozens of 130 

villages with tourist infrastructure (winter tourism, skiing, thermal pools) are located along the studied river and its 131 

tributaries. Therefore, it can be assumed that the temperature of surface waters and ice regime may be affected to some 132 

extent (for example, through the emission of thermal pollutants into rivers), but the scale of impact is difficult to es timate 133 

due to the lack of data. 134 

The main reasons for selecting these sites for the study were the good availability of hydrological and meteorological 135 

data, as well as the location and characteristics of these reservoirs. In terms of their size, these reservoirs represent typical 136 

facilities for ice cover areas. According to the GRanD database and calculations presented by Fukś (2023), in areas where 137 

river ice cover occurrs, reservoirs with dam heights ranging between 41-60 meters account for about 20% of all reservoirs 138 

(Lehner et al. 2011). This allows the results obtained to be applied to other similar facilities and rivers. In addition, there are 139 



6 

 

not enough studies in the literature on ice phenomena in relatively small mountain rivers due to the lack of observational 140 

data, the difficulty of conducting observations with remote sensing data, and greater practical significance of large rivers 141 

(Thellman et al. 2021). In addition, a disturbance between the air and water temperatures of the river below the reservoirs 142 

caused by their operation has also been found (Kędra and Wiejaczka, 2016). Both sets of reservoirs also experience a 143 

transformation of river flow volume due to the operation of hydropower plants and equalization reservoirs, with respect to 144 

natural conditions. 145 

 146 

Source: Map tiles by Stamen Design, under CC BY 4.0. Data by OpenStreetMap, under ODbL 147 

 148 

2.2 Data and methods 149 

In order to estimate the impact of dam reservoirs on river ice cover, dataa on the daily occurrence of ice cover over the 150 

period 1950–2020 were obtained at eight water gauge cross sections (four for each reservoir complex studied) (Figure 1). 151 

The occurrence of ice cover at a water gauge cross-section was defined as any occurrence of total ice cover (water surface 152 

completely covered by ice) or border ice (partial coverage of the water surface by ice). In both cases, one cross–section was 153 

located upstream ofabove the reservoir (C1: 14,6 km, S1: 28,5 km), while the others were located downstream ofbelow the 154 

reservoir location, at distances ranging from several to tens of kilometers from the reservoir (C2: 1.8 km, C3: 22 km, C4: 52 155 

km, S2: 11.7 km, S3: 33 km, S4: 80.5 km, tab. 2). Data on the occurrence of ice phenomena each day of the winter periods 156 

(November to March) in the 1950–1980 period were obtained from hydrological yearbooks published by the Polish State 157 

Hydrological and Meteorological Institute. These yearbooks were issued only in printed form, so for this study they were 158 

digitized by manually transcribing data on daily ice cover occurrence. Data on the occurrence of ice cover in the 1981–2020 159 

period were obtained from the online public database of the Institute of Meteorology and Water Management - National 160 

Research Institute (IMGW-PIB,  Data availability statementhttps://danepubliczne.imgw.pl/). Data on the course of average 161 

daily air temperature at climatological stations were also obtained from the IMGW-PIB public database. For the Solina-162 

Myczkowce reservoir complex, climatological data were obtained from fivefour stations (Ts1, Ts2, Ts3, Ts4, Ts5), while for 163 

the Czorsztyn-Sromowce reservoir complex they were obtained from two (Tc1, Tc2, Tab. 2). The acquired data on the 164 

occurrence of ice cover were subjected to statistical analysis involving a comparison of the average duration of ice cover 165 

before and after the formation of the reservoirs at stations upstreamabove and downstream ofbelow reservoirsits locations, as 166 

well as a comparison of the two studied rivers. Data from periods for which there were no observations, or in which 167 

observations were incomplete, were excluded from the statistical analysis. 168 

Table 2: Characteristics of hydrological and climatological stations. 169 

Station 

name 

Geographical 

coordinates 

Height above sea 

level [meters] 
Description 

C1 49º 29' 12.169" N 

20º 3' 13.869" E 
576 

Hydrological station. Air temperature data from station Tc1 were 

used to model ice phenomena. 
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C2 49º 24' 0.259" N 

20º 21' 16.421" E 
481 

Hydrological station. Air temperature data from station Tc1 were 

used to model ice phenomena. 

C3 
49º 26' 29.705" N 

20º 25' 45.4" E 
418 

Hydrological station. Air temperature data from station Tc1 were 

used to model ice phenomena. 

C4 
49º 32' 59.713" N 

20º 34' 12.013" E 
317 

Hydrological station. Air temperature data from station Tc2 were 

used to model ice phenomena. 

S1 
49º 13' 6.662" N 

22º 37' 59.15" E 
530 

Hydrological station. Station air temperature from stations Ts1, Ts2 

and Ts3 were used to model ice phenomena. 

S2 
49º 28' 8.643" N 

22º 19' 20.21" E 
320 

Hydrological station. Station air temperature from stations Ts2, Ts3, 

Ts4 were used to model ice phenomena. 

S3 
49º 33' 21.311" N 

22º 13' 7.026" E 
282 

Hydrological station. Station air temperature from stations Ts2, Ts3, 

Ts4 were used to model ice phenomena. 

S4 49º 48' 4.543" N 

22º 14' 39.719" E 
240 

Hydrological station. Air temperature data from station Ts5 were 

used to model ice phenomena. 

Tc1 49º 26' 43.632" N 

20º 25' 55.932" E 
440 

Climatology station. Data on average daily air temperature for the 

period 1957-2020 were acquired. 

Tc2 49º 33' 34.499" N 

20º 26' 22.671" E 
367 

Climatology station. Data on average daily air temperature for the 

period 1956-2020 were acquired. 

Ts1 49º 26' 35.426" N 

22º 37' 15.933" E 
437 

Climatology station. Data on average daily air temperature for the 

period 1961-1988 were acquired. 

Ts2 49º 24' 0.488" N 

22º 28' 5.852" E 
446 

Climatology station. Data on average daily air temperature for the 

period 1981-2020 were acquired. 

Ts3 
49º 28' 8.652" N 

22º 19' 20.028" E 
320 

Climatology station. Data on average daily air temperature for the 

period 1955-1965 were acquired. 

Ts4 
49º 35' 6.866" N 

22º 11' 7.524" E 
295 

Climatology station. Data on average daily air temperature for the 

period 1951-2015 were acquired. 

Ts5 
49º 50' 6.604" N 

22º 14' 7.123" E 
247 

Climatology station. Climatology station. Data on average daily air 

temperature for the period 1951-2020 were acquired. 

The difference in elevation between hydrological and climatological stations is relatively small. In the case of the 170 

Dunajec River catchment, the altitude of the hydrological stations used ranges from 317-576 m above sea level, while the 171 

climatological stations range from 367-440 m above sea level. In the case of the San River basin, the altitude of the 172 

hydrological stations used varies and ranges from 240-530 meters above sea level, while the climatological ones amount to 173 

247-437 meters above sea level. The distances between the climatological and hydrological stations are also relatively small 174 

(Fig. 1). This allows us to assume that the data from the climatological stations reflect the conditions at the hydrological 175 

stations relatively accurately. 176 

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...

— sformatowano ...

— sformatowano ...

Sformatowano ...



8 

 

The acquired data on average daily air temperatures from climatological stations (Tc1, Tc2, Ts2, Ts4, Ts5) were analyzed 177 

for trends. The non-parametric Mann-Kendall test was used to detect them, while the Theil-Sen estimator was used to 178 

determine the magnitude of changes (Mann 1945, Theil 1950, Sen 1968, Kendall 1975). The trend incidence analysis was 179 

carried out for entire periods where data were available, as well as for a uniform period for all stations (1982-2015). Results 180 

at the p<0.05 level were accepted as statistically significant. The analysis was carried out for the average values of each 181 

month and for the entire winter period (November to December).182 

In order to separate the effects of climate change and reservoir operations on the ice cover of the studied rivers, a logistic 183 

regression method was used to model the relationship between air temperature and ice cover occurrence. Logistic regression 184 

is a method that allows the classification of a dichotomous explanatory variable based on one or more explanatory variables. 185 

The method was first proposed by Cox (1957) and is widely used in classification and prediction in natural science research. 186 

Previously, it has been used in studies of river ice phenomena (Yang et al. 2020, Wu et al. 2021), the delineation of flood-187 

prone areas (Lee and Kim, 2021) or of areas susceptible to landslides (Ayalew and Yamagishi, 2005), among other 188 

applications, but has not been used in natural studies of the effects of dam reservoirs. Logistic regression analysis is based on 189 

the concept of odds that represent the ratio of the probability (p) that an event will occur and the probability that 190 

the event will not occur, and which is expressed by equation (1). 191 

 192 

𝑜𝑑𝑑𝑠𝑂𝑅 =  
𝑝

1 − 𝑝  
                                                                                            (1) 193 

In order to carry out a binary classification of the dependent variable on the basis of the continuous independent variable, a 194 

logit transformation was applied by logarithmizing the odds ratio, as expressed by equation (2): 195 

𝐿𝑜𝑔𝑖𝑡(𝑜𝑑𝑑𝑠𝑂𝑅) = log (
𝑝

1 − 𝑝
) = 𝛽0 + 𝛽1𝑥1                                                                (2) 196 

where x1 is the explanatory variable and β0 and β1 are regression coefficients that are estimated using the maximum 197 

likelihood method. The probability of ice cover occurrence on a given day (p) is calculated using equation (3) and 198 

classification is done by applying a threshold value of probability that separates the occurrence of ice cover from its absence: 199 

 200 

𝑝 =
1

1 + 𝑒−(𝛽0+ 𝛽1𝑥1)
                                                                                    (3) 201 

where x1 is the average air temperature of the 14 days prior to each day.  The average air temperature from the 14 days 202 

preceding each modelled day was selected based on preliminary tests (not shown). These consisted of testing the predictive 203 

ability (accuracy and area under the receiver operating characteristic curve – ROC AUC) of the logistic regression model for 204 

the occurrence of ice cover based on the average daily air temperatures from 2 to 20 days prior to each modelled day. The 205 

analyses showed that in most cases, taking the average from 14 days resulted in the best predictive ability of the models. The 206 
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 207 

The first stage of analysis required coding of the data from the water gauge stations, with a value of 1 assigned to each 208 

day in which ice cover occurred and a value of 0 assigned if it did not for the period from November to March over the entire 209 

study period (sometimes the period was shorter than 70 years due to data gaps). Each record was assigned an average air 210 

temperature from 14 days before the modeled day determined from measurements from the nearest climatological station.   In 211 

some cases, data from several nearby stations were used simultaneously due to gaps in measurement data. Based on the 212 

acquired database, a logistic regression model of the relationship between the course of the average air temperature from 14 213 

days before the modeled day and the occurrence of ice cover in the period before the dam reservoirs were built for each 214 

water gauge station. For the water gauges on the Dunajec River (C1, C2, C3, C4), data from the period 01.11.1957-215 

31.03.1990 were used as the set for learning the model, while for the San River, data from the period 01.11.1956-31.03.1967 216 

(S1) or 14.01.1951-31.03.1967 (S2, S3, S4) were used, depending on the station. The data for building the model was 217 

divided into a training set and a test set in the ratio of 70% to 30%. Model learning and hyperparameter optimizations (C - 218 

Inverse of regularization strength) were carried out based on the training set. Stratified cross-validation was used to avoid 219 

over-fitting the model on the training set, and the quality of the resulting models was determined by the prediction accuracy 220 

and the value of the area under the ROC curve (receiver operating characteristic curve) on the test set (ROC-AUC value). 221 

Based on the obtained models, for each adopted winter period, the probability of ice cover occurrence at the tested cross 222 

sections was calculated based on the average air temperature, from which it was determined whether ice cover could occur 223 

on a given day. Then, the ice cover occurrence data calculated from the model based on the course of the average air 224 

temperature was compared with actual observations of ice cover at all stations. In this study, it was assumed that the 225 

difference between the number of days with ice cover predicted by the model and the number of days with ice observed at 226 

the stations was due to the operation of dam reservoirs. In order to validate these results, the results of modeling and 227 

observations from stations upstream and downstream of the reservoir were compared. All calculations were 228 

carried out using Python and the Scikit-learn library. 229 

The period of January to February 2017 was chosen to determine the spatial extent of the impact of dam reservoirs on 230 

river ice cover based on remote sensing data. The analysis of radar (SAR) data was aimed at determining the sections of the 231 

studied rivers downstream of the reservoirs on which ice cover did not form despite the maintenance of favorable air 232 

temperatures. Remote sensing data was used because it was not possible to estimate this parameter based on data from water 233 

gauge stations, due to the small number of stations and large distances between them. The year 2017 was chosen due to the 234 

persistence of very low air temperatures in the study areas during this period.  This choice was due to the persistence of very 235 

low air temperatures at measuring stations in the study areas during this period. Many stations recorded the lowest average 236 

January temperature since 2006 (–7.3°C) at this point, and occasionally, the air temperature reached as low as –20°C. It was 237 

found that such air temperature resulted in the persistence of ice cover on the studied rivers before the construction of dam 238 

reservoirs. Moreover, during this period, ice cover was observed at the water gauge cross sections upstream ofabove the two 239 
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reservoirs from the beginning of December to the end of February.  240 

The occurrence of ice cover was determined on the basis of radar (SAR) images acquired by Sentinel-1 satellites. In the 241 

The occurrence of ice cover was 242 

determined on the basis of radar (SAR) images acquired by Sentinel-1 satellites. In the first stage, the area of rivers (water 243 

surface) downstream of the studied reservoirs was determined by manually creating polygons on the basis of aerial 244 

photos and cloudless Sentinel-2 satellite images. River areas in the vicinity of hydraulic structures (bridges), narrow river 245 

sections (< 30 m in width) and areas close to the banks (about 10 meters from the shore) were excluded from the analysis, 246 

which made it possible to exclude pixels partially covering areas other than the water surface. Then, for the designated 247 

polygons, Sentinel-1 SAR IW GRD imagery was acquired from five different days, for both studied rivers (Tab. 3)248 

.  249 

.  250 

Table 3: Dates of acquisition of radar images for analysis. 251 

Area of analysis Dates Polarization 

Dunajec river - Czorsztyn-Sromowce 

reservoir complex 
02.01.2017, 09.01.2017, 14.01.2017, 26.01.2017, 14.02.2017 VV, VH 

San River - Solina-Myczkowce 

reservoir complex 
09.01.2017, 16.01.2017, 21.01.2017, 28.01.2017 14.02.2017 VV, VH 

 252 

Data from descending orbits in VV and VH polarization were used. This study used imagery provided by Google Earth 253 

Engine, in which orbit metadata were updated, border noise was removed, thermal noise was removed, radiometric 254 

calibration values were applied, and terrain correction was performed. After preprocessing, the data had a spatial resolution 255 

of 10 meters. In order to classify the acquired images (water/ice), thresholds of the backscattering coefficient that separated 256 

the occurrence of ice cover from water were determined for both studied rivers. This determination of the presence of ice 257 

cover was made possible by the marked contrast between the two classes (ice/water) due to the significant effect of ice cover  258 

presence on the backscattering coefficient of the microwave radiation beam (Stonevicius et al., 2022; Palomaki and Sproles, 259 

2022). Consolidated ice tends to have significantly higher backscattering values than water, mainly due to the roughness of 260 

iceits surface. For this purpose, the value of the backscattering coefficient was used for designated sections of rivers 261 

completely covered by ice (January 14 for the Dunajec River and January 9 for the San River). These sections were 262 

determined on the basis of cloudless images from the Sentinel-2 satellite. The thresholds of the values separating the two 263 

classes were calculated separately for the two studied rivers according to equation (4): 264 

 265 

τσ  =   σ −  s                                                                                                (4) 266 

 267 
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where σ is the average backscatter from selected sections of ice-covered rivers, and s is the average standard deviation of σ 268 

(Sobiech and Dierking 2013). For the Dunajec River, the thresholds were set at –19.24 dB for VH polarization and –10.16 269 

dB for VV polarization, while for the San River they were set at –21.16 for VH polarization and –11.55 for VV polarization. 270 

The results were validated by comparing the classification results of Sentinel-1 radar imagery with optical imagery acquired 271 

by Sentinel-2 satellite for the Dunajec area acquired on February 14, 2017. 272 

In order to identify the causes of the transformation of the ice regime of the rivers resulting from the operations of the 273 

dam reservoirs, data on daily water level and temperature, as well as flow volume at station C3 for the period 1984-2020 274 

were obtained (IMGW-PIB, Data availability statement). The choice of the Dunajec River and station C3 for the in-depth 275 

analysis was due to the availability of data for the periods before and after reservoir construction. Based on the collected 276 

data, the variability of river parameters was analyzed in the period after the construction of the reservoir complex (1996-277 

2020) as compared to the period before the construction (1984-1995). In addition, in order to identify in detail the impact of 278 

the dam reservoir on the variability of water temperature and the occurrence of ice cover in the longitudinal profile of the 279 

river, field measurements were carried out on 05.12.2023. This day, in the study area, was preceded by a period of 280 

approximately 6 days with negative air temperatures reaching -10°C. The assessment of the occurrence of ice phenomena 281 

was carried out visually (the type of ice phenomena and the percentage of the channel occupied by ice were determined). 282 

Water temperature measurements were conducted at 10 points (3 upstream the reservoir and 7 downstream of the reservoir) 283 

using an Elmetron CC-315 conductivity meter. 284 

3. Results  285 

The average air temperature in winter (November to March) during the studied periods at stations in the Dunajec 286 

River basin (Czorsztyn-Sromowce reservoir complex) ranged from -0.54°C (station Tc1) to 0.36°C (station Tc2).  At both 287 

stations January was the coldest month in the winter period (-3.51°C at station Tc1 and -2.47°C at station Tc2), and the 288 

warmest month was November (2.92°C at station Tc1 and 3.43°C at station Tc2). At climatological stations in the San River 289 

basin (Solina-Myczkowce reservoir complex), temperatures ranged from -0.04°C (at station Ts5) to 0.2°C (at station Ts2, 290 

Fig. 4). The warmest month at these stations was November (3.63°C at station Ts2, 3,71°C at station Ts4 and 3,46°C at 291 

Sformatowano: Numerowanie + Poziom: 1 + Styl
numeracji: 1, 2, 3, … + Rozpocznij od: 3 + Wyrównanie: Na
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station Ts5) and the coldest was January (-2,48°C at station Ts2, -2,79°C at station Ts4 and -3,04°C at station Ts5). 292 

 293 

Figure 4: Average air temperature in winter (November to March) at stations Tc1 (1958–2020), Tc2 (1957–2020), Ts2 294 

(1982–2020), Ts4 (1954–2015) and Ts5 (1952–2020). 295 

In the period after the construction of the Czorsztyn-Sromowce reservoir complex, the surveyed stations recorded a slight 296 

decrease in the average air temperature in the winter period compared to the period prior to the dam development. The 297 

average air temperature in winter (November to March) in the 1985–1995 period (10 years before the construction of the 298 

Czorsztyn-Sromowce reservoir complex) at stations Tc1 and Tc2 (in the Dunajec River basin) amounted to -0.36°C and 299 

0.55°C, respectively. In the 10-year period after the reservoir construction (1996-2006), the average air temperature was 300 

slightly lower at both stations: -1.07°C at station Tc1 and 0.44°C at station Tc2. After the construction of the Solina-301 

Myczkowce reservoir complex, the studied stations recorded a slight increase in average air temperature compared to the 302 

period prior to the dam development. For Ts4 and Ts5 stations, the average winter temperature in the 10 years before the 303 

construction of the Solina-Myczkowce reservoir complex (1957–1967) amounted to -0.33°C and -0.38°C, respectively. In 304 

the period 10 years after the construction of the reservoir (1968–1978), the temperature was slightly higher and amounted to 305 

0.05°C and 0.53°C, respectively. 306 

 As for the average air temperature in winter, a statistically significant trend was recorded only at station Tc1 307 

(0.3°C/decade) in the period 1958-2020. In the entire study area, there was a statistically significant trend in the average 308 

temperature in November in the years 1982-2015, reaching 0.9°C per decade. No statistically significant trends were 309 

recorded in other months (Tab. 4). 310 

Table. 4: Trends in average air temperature by month and over the entire winter period. 311 

Station name Period November 

[°C/year] 

December 

[°C/year] 

January 

[°C/year] 

February 

[°C/year] 

March 

[°C/year] 

Winter 

[°C/year] 

Tc1 
1958–2020 0,01 0,03 0,04 0,04 0,02 0,03 

1982–2015 0,08 0,02 0,02 0,06 0,01 0,03 

Tc2 1956–2020 0,01 0,02 0,03 0,03 0,02 0,02 
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1982–2015 0,06 0 -0,03 0,05 0,01 0,01 

Ts5 
1951–2020 0,01 0,01 0,02 0,03 0,02 0,02 

1982–2015 0,08 0,03 -0,01 0,04 0 0,02 

Ts4 
1954–2015 0,02 0 0,04 0,03 0,02 0,02 

1982–2015 0,09 0,03 0,02 0,06 0,01 0,04 

Ts2 
1982–2020 0,09 0,02 0 0,06 0,01 0,04 

1982–2015 0,09 0,03 0 0,06 0,01 0,04 

Statistically significant results at p<0.05 are marked in bold. 312 

1.  313 

For both studied rivers, the highest average annual number of days with ice cover during the study period occurred at cross 314 

sections located upstream ofabove the dam reservoirs: 65 days at point C1 (Dunajec) and 75 days at point S1 (San, Fig. 3, 315 

Fig. 52). At cross-sections downstream ofbelow the reservoirs, the average annual number of days with ice cover ranged 316 

from 45–53 days for the Czorsztyn–-Sromowce reservoir complex (C2, C3, C4) and from 32–46 days for the Solina–-317 

Myczkowce reservoir complex (S2, S3, S4). In all studied cross sections, a decrease in the frequency of ice cover was 318 

observed after the reservoirs were put into operation (Fig. 42, Fig. 5). 319 
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 320 Figure 52: Observed number of days with ice cover on the Dunajec River in each month at water gauge stations (a) and 321 

annual sum of the number of days with ice cover with a 5-year moving average (b). Observed number of days with ice cover 322 

in each month at water gauge stations.  323 

At cross-sections below the reservoirs, the average annual number of days with ice cover ranged from 45–53 days for the 324 

Czorsztyn-Sromowce reservoir complex (C2, C3, C4) and from 32–46 days for the Solina-Myczkowce reservoir complex 325 

(S2, S3, S4). In all studied cross sections, a decrease in the frequency of ice cover was observed after the reservoirs were put 326 

into operation (Fig. 2). 327 
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 328 

Figure 6: Observed number of days with ice cover on the San River in each month at water gauge stations (a) and annual 329 

sum of the number of days with ice cover with a 5-year moving average (b). 330 

For the San River, at the cross-section located upstream of the reservoir (S1), a 10% decrease in the number of days 331 

with ice cover was observed in the period after its construction (1969–2020) compared to the earlier period (1950–1968). At 332 

cross sections downstream of the reservoir (S2, S3, S4), the decrease in frequency was 77% , 39.8% and 31.2%, respectively. 333 

In the period before the construction of the reservoirs on the two rivers under study, the annual ice pattern followed a simi lar 334 
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trend, despite the fact that they are approximately 140 kilometers apart. For example, the Pearson correlation coefficient of 335 

the annual number of days in the 1950–1968 period between stations C2 and S2 was 0.76 and was 0.86 between stations C3 336 

and S3. In the period after the construction of the Solina-Myczkowce reservoir complex (1969–2009), the correlation 337 

dropped to 0.04 and 0.47, respectively.  338 

The predictive ability of the logistic regression models was relatively high. The accuracy of correctly classifying days in 339 

the test set into two groups (days with ice cover/days without ice cover) based on the average air temperature of the 14 days 340 

before the modeled day ranged from 80–87%. The developed models had very good predictive ability, as evidenced by the 341 

high values of the area under the ROC (receiver operating characteristic) curve ranging from 0.89–0.94 (Fig. 73).  342 

 343 

Figure 73: ROC (receiver operating characteristic) curve, AUC (area under ROC curve) values and prediction accuracy. 344 

In the case of the Dunajec River, there is a noticeable difference in the values observed and predicted by the model 345 

downstream and upstream of the Czorsztyn-Sromowce Wyżne reservoir complex (Fig. 6). At the C1 water 346 

gauge cross-section, the number of days with ice cover observed and predicted from air temperature before and after the 347 

reservoir was very similar (Fig. 8). At this location in the 1957–1992 period, the annual average observed number of days 348 

with ice cover was 73.1 days, while the number predicted by the model was 72.3 days.  349 
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 350 

 351 

Figure 84: Comparison of modeling results based on air temperature with observations of ice cover for the Dunajec River 352 

and the Czorsztyn-Sromowce reservoir complex (a) and the density of the distribution of days with ice cover at temperatures 353 

before and after the construction of the dam reservoir (b). The year of construction of the reservoir was taken as 1992 (the 354 

year before the construction of the Sromowce Wyżne reservoir).The red line indicates the year the dam was built. 355 

In the post-reservoir period (1993–2020), these values were 59.9 and 59.2 days, respectively. At point C2, located 356 

directly downstream of the reservoir, there was a significant discrepancy between the observed and predicted values 357 

based on air temperature in the post-reservoir period. In the 1957–1992 period, the average annual totals observed and 358 
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predicted by the model were very similar: 74.4 and 74.6, respectively. In the period after the construction of the reservoir 359 

(1993–2020), the observed average annual number of days with ice cover was 9.3, while the number of days predicted by the 360 

model was 61.  361 

 362 

 363 
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At point C3, after the construction of the reservoir, the difference between the observed and predicted average number of 367 

days with ice cover was less than at point C2, but still notable (half as much). At point C4 in the period after the construction 368 

of the reservoir, values were more similar to each other; the observed number of days was 50.1 while the predicted number 369 

of days was 47.5. In the cross sections located downstream ofbelow the reservoir (C2, C3, C4), there was a significant shift 370 

in the distribution of the number of days with ice cover in the average air temperature in the period after the construction of 371 

the reservoir compared to the earlier period. This effect was not observed at point C1. 372 

Similar results were obtained regarding the Solina-Myczkowce reservoir system (Fig. 95). In the cross-section located 373 

upstream ofabove the reservoir (S1), the temperature-based prediction and the observed average number of days with ice 374 

cover were similar both before (1950–1968) and after (1969–2020) the reservoir was built. For cross-section S2, located 375 

directly downstream ofbelow the reservoir, a significant discrepancy was found in the observed and model-predicted average 376 

number of days with ice cover after the reservoir's construction. The average observed number of days with ice cover before 377 

the reservoir's construction was 72.1, while the number predicted by the model was 72.8. After the reservoir's construction, 378 

the observed average number of days dropped to 15.7 while the predicted number of days was 62.2. A similar trend was 379 

observed for cross-section C3. The annual average observed number of days with ice cover in the period after the reservoir's 380 

formation was 33.6, while that predicted by the model based on temperature was 52.5. At water gauge cross-section S4, the 381 

model-predicted and observed number of days with ice cover were very similar both before (predicted = 52.1; observed = 382 

60.6) and after the reservoir was built (predicted = 44.8; observed = 40.5). In the case of the San River, a slight shift in the 383 

distribution of the number of days with ice cover in the mean air temperature was observed only at cross-section S2 located 384 

directly downstream ofbelow the Solina reservoir. 385 

It is worth noting that the accuracy of the prediction of ice cover occurrence by the developed models. Although the 386 

prediction accuracy determined from the test set varied in the 80–87% range, the multi-year averages of observed and 387 

predicted values at stations upstream ofabove the reservoirs were very close to each other (59.2/59.9 in cross-section C1 and 388 

76.7/73.5 in cross-section S1 in the period after the construction of the reservoirs). The high agreement of these data suggests 389 

a higher accuracy than was determined from the test sets. This is most likely due to the dichotomous nature of the errors 390 

made by the model. The overall error includes predictions of the occurrence of ice cover when in reality there was none, and 391 

predictions of the absence of ice cover when in fact there was. Most likely, the existence of both types of errors in similar 392 

proportions resulted in high agreement over the long term (> 40 years). 393 

The results of analysis of Sentinel-1 (SAR) data showed that, during the study period (January-February 2017), total ice 394 

cover did not form in a section of about 60 kilometers downstream ofbelow the Czorsztyn-Sromowce reservoir complex and 395 

26 kilometers downstream ofbelow the Solina-Myczkowce reservoir complex (Fig. 106). 396 

 397 
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 398 

Figure 106: The extent of ice cover on the Dunajec (a) and San rivers (b). 399 

 400 
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Visual analysis of the classification results of SAR imagery, backscatter coefficient distribution maps, and optical 401 

imagery showed that the determination of the area where ice cover was not present downstream of the reservoir was 402 

relatively accurate. River sections without ice cover were characterized by a predominance of pixels classified as water, 403 

while sections with ice cover were characterized by a predominance of pixels classified as ice (Fig. 11). The largest 404 

classification errors were recorded in narrow and shallow sections of the surveyed rivers without ice cover, where there was 405 

an increase in the backscatter coefficient unrelated to the presence of ice cover. This resulted in misclassification of pixels 406 

from this area as ice. Misclassification of pixels was also recorded in transition sections between open water and total ice 407 

cover where border ice was present, especially in narrow river sections. 408 

 409 

Figure 117: Comparison of Sentinel-1 backscatter coefficient (b), classification results (c) and Sentinel-2 data (a) acquired 410 

on February 14, 2017 for the Dunajec River.  411 

Source: own elaboration based on data obtained from Copernicus Sentinel Data (https://scihub.copernicus.eu/). Copernicus 412 

Sentinel data (2017), processed by ESA.  413 

Analysis of changes in water temperature at station C3 showed that after the construction of the Czorsztyn-Sromowce 414 

reservoir complex (1996-2020), there was a decrease in water temperature in the summer period and an increase in the 415 

winter period compared to the period prior to the dam development (1984-1995, Fig. 12b). In the period after the 416 

construction of the reservoirs, the largest increase in average water temperature was recorded in November (an increase of 417 

about 3°C). During the remaining winter months (December-March), an increase in monthly average water temperature was 418 

https://scihub.copernicus.eu/
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also observed, ranging from 0.2°C to 1.6°C. This effect was confirmed by field measurements (Fig. 12a). 419 

 420 

Figure 12:  Water temperature and the occurrence of ice phenomena in the longitudinal profile of the Dunajec River on 421 

December 5, 2023 (a), and the variation in the average water temperature at station C3 on individual days of the year before 422 

(1984-1995) and after (1996-2020) the reservoir was built (b). 423 

On December 5, 2023, the average water temperature upstream of the reservoir (measuring points f1, f2, f3) amounted to 424 

0.4°C. In this section, border ice covered up to 20% of the water surface. Downstream of the reservoir there was a sharp 425 

increase in water temperature up to 4°C (Fig. 12a). As the distance from the reservoir increased, water temperature decreased 426 

up to 0.3°C at a distance of about 75 kilometers downstream of the reservoir (measuring point f10). In the section of the river 427 

up to about 45 kilometers downstream of the reservoir, no ice phenomena were observed. At distances further than 50 428 

kilometers from the reservoir, initial ice forms, ice floe and local border ice were observed.  429 

Analysis of changes in flow volume at station C3 showed that in winter periods after the construction of the Czorsztyn-430 

Sromowce reservoir complex (1996-2020), there was an increase in water flow volume (an average increase of 3.7 m3/s-1) 431 

compared to the period before the dam development (1984-1995, Fig. 10). During the winter period, an increase in flow 432 

volume was recorded in November (an increase of 7.3 m3/s-1), February (an increase of 7.5 m3/s-1) and slightly in December 433 

(0.5 m3/s-1). The increase in flow volume resulted in a 2 cm increase in the average water level in winter (Fig. 13). 434 

 435 
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 436 

Figure 13: Average water level and discharge at station C3 in the periods before (1984-1995) and after (1996-2020) the 437 

construction of the reservoir.  438 

 439 

4. Discussion 440 

This study demonstrates that the analyzed dam development was an important element in transforming the ice regime of 441 

the downstream rivers. This is evidenced by a significant decrease in the incidence of ice cover downstream of the reservoirs  442 

in the period after their construction, with minor change at cross sections upstream of the reservoirs. The significance of the 443 

reservoirs is also indicated by the lack of sharp increases in air temperature in the post-reservoir period in the study areas. In 444 

the case of the Dunajec River, a lower average winter air temperature was observed in the 10-year period after the reservoir 445 

construction as compared to the 10-year period prior to the investment. At the same time a decrease in the frequency of ice 446 

cover was observed at cross sections C2 and C3 (downstream of the reservoir). This suggests that the recorded disappearance 447 

of ice cover on the studied rivers is not due to climatic conditions. The important impact of reservoir operations on the river 448 

ice regime is also evidenced by the analysis of water temperature, ice cover occurrence and changes in flow volume. Field 449 

studies have shown that during periods of low air temperatures (reaching -10°C), high water temperatures (reaching 4°C) are 450 

possible downstream of the reservoir, due to the release of bottom warm water from the reservoir. On the day of the survey, 451 

the increase in temperature resulted in the absence of ice phenomena along the 45 kilometers downstream of the reservoir. In 452 

the post-reservoir period (1996-2020) at station C3, this effect (and the potential impact of climatic variability) translated 453 

into a 1.18°C increase in average winter water temperature compared to the earlier period (1984-1996). The important role of 454 

dam reservoirs in the transformation of water temperature is also evidenced by other studies; Kędra and Wiejaczka (2016, 455 

2017) and Wiejaczka et al. (2015) have previously shown that the Czorsztyn-Sromowce reservoir system had a significant 456 

impact on the water temperature of the Dunajec River, as well as the synchronization of air and water temperature in the 457 
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river. The analysis of flow volume showed that there was an increase in flow volume in the post-reservoir period (1996-458 

2020) at station C3 compared to the period prior to the dam development (1984-1996). Increased discharge in the river 459 

results in delayed formation of stable ice cover due to increased water velocity in the riverbed (Houkuna et al. 2022). 460 

In the study area, the increase in air temperature most likely manifested itself in a slightly later formation of ice cover and 461 

its earlier disappearance. After 2010, at cross-sections located upstream of the reservoirs, ice cover occurred sporadically in 462 

November and March, which is partially confirmed by trends in air temperature at the climatological stations studied (an 463 

increase in average November temperature in the range of 0.6-0.8°C/decade in the period 1982-2015). Accordingly, rising 464 

air temperatures may exacerbate the effects on river ice cover caused by the operation of dam reservoirs. However, the 465 

relatively small variation in the annual number of days with ice cover in cross sections upstream of the reservoirs and the 466 

lack of significant trends in average air temperature in all months except November suggest that in the study area the 467 

increase in air temperature has not significantly changed the frequency of ice cover. Further research based on more detailed 468 

data is needed in order to explore the potential impact of climate change on the ice cover.  469 

On the basis of observational data and modeling results, it was found that the greatest transformations occurred at cross 470 

On the basis of observational data and modeling results, it was found that 471 

the greatest transformations occurred at cross sections located closest to the facilities (C2, S2), and reservoir influence 472 

decreased with increasing distance from the reservoir. This effect may be interpreted as a gradual decrease in the influence of 473 

the reservoir and restoration of the natural course of thermal and ice processes in rivers. The use of a classification method 474 

based on logistic regression allowed us to estimate that, in the case of the Czorsztyn-Sromowce reservoir complex, at cross-475 

section C2 (1.8 km downstream of the dam) in the period 1996–2020, the operation of the reservoir reduced the 476 

duration of ice cover by 84% on average, while at point C3 (22 km downstream of the dam), reservoir operation 477 

reduced ice cover by 46%. Similarly, in the case of the Solina-Myczkowce reservoir complex, the operation of the reservoir 478 

reduced the duration of ice cover by about 75% at point S2 (11.7 kilometers downstream of the dam), and by 36% at 479 

point S3 (33 kilometers downstream of the dam). These results suggest that in the stretch of rivers about 20-40 480 

kilometers downstream of the reservoirs, the influence of the reservoirs was the main factor (it transformed the ice 481 

regime more than climatic variability) determining the observed disappearance of ice cover and the course of ice processes. 482 

This is supported by the much smaller magnitude of the decrease in the frequency of ice cover at cross sections upstream 483 

of the reservoirs (10% and 13.3% after the construction of the reservoirs compared to the earlier period), where the 484 

decrease was mainly due to climatic conditions. 485 

 486 

extreme caution should be exercised when analyzing the impact of dam reservoirs using the presented method because of 487 

limitations that arise from both the nature of the data and the river ice processes themselves. First of all, the presented 488 

method does not take into account other possible factors affecting river ice phenomena; these mainly may include regulation 489 

of rivers affecting the conditions of ice formation, all kinds of thermal pollutants emitted into rivers, discharges of municipal 490 
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 491 

A visual comparison of the classification results of radar imagery (Sentinel-1) with optical data (Sentinel-2) showed that 492 

it was possible to determine, with relative accuracy, the extent to which there was no ice cover downstream ofbelow dam 493 

reservoirs on mountain rivers with similar characteristics to those analyzed in this study. Based on the threshold of the 494 

backscattering coefficient to two classes (water/ice) on rivers similar to those studied here (width of 20–100 meters), it was 495 

possible to determine the approximate extent of the river section downstream ofbelow the reservoir on which the total ice 496 

cover did not form. The range of influence of the studied reservoirs on the occurrence of river ice cover on the basis of SAR 497 

data was determined to be 26 kilometers for the Solina-Myczkowce reservoir complex, and 60 for the Czorsztyn-Sromowce 498 

reservoir complex. An analysis of the river network in the catchments of the studied rivers showed that the smaller extent of 499 

the influence of the Solina-Myczkowce reservoir complex was most likely due to the mixing of the waters of the San with 500 

two relatively large tributaries in close proximity to the reservoir, the Hoczewka and Osłlawa (average winter flow at the 501 

mouth of 2.8 m3/s-1 and 8.6 m3/s-1, respectively). The mixing of these waters with those of the San River (average winter 502 

outflow from the reservoir 24.6 m3/s-1) may lead to a drop in water temperature and the appearance of ice phenomena. This is 503 

also evidenced by the lack of a clear shift in the number of days with ice cover in the average air temperature at cross 504 

sections downstream ofbelow the reservoir. By comparison, for the Dunajec River, total ice cover appeared during the 505 

analyzed period about 60 kilometers downstream ofbelow the reservoir in the vicinity of a tributary of the Poprad River, one 506 

of the larger tributaries of the river. 507 

Similar results have been previously obtained for other dam reservoirs located in mountainous areas, including in the 508 

Carpathian Mountains. Cyberska (1972, 1975) analyzed the influence of a complex of dam reservoirs (dam height of 32.5 509 

meters) on the thermals and occurrence of ice phenomena on the Dunajec River (Poland). Cyberska estimated that in the 510 

period after the reservoir's construction, the 12–65 km downstream area of the reservoir saw an average 65% reduction in the 511 

duration of ice cover. These values are slightly higher than those obtained in this study, especially for cross sections located 512 

far from the reservoir, which may be due to the fact that they were estimated based on the comparison of periods before and 513 

after the reservoir's construction without accounting for the possible influence of changing climatic conditions. An estimate 514 

based on a similar methodology made by Wiejaczka (2009) showed that, on the Ropa River, at a cross-section located 16 km 515 

downstream of the dam, after the construction of the dam reservoir (dam height of 34 meters), there was a 35% decrease in 516 

the frequency of ice cover (total and border ice). Chang et al. (2016) compared periods with similar thermal conditions 517 

(before and after reservoir construction) and analyzed the impact of large (dams 178 and 147 meters high) dam reservoirs on 518 

ice phenomena on the Yellow River. They found that reservoir operation reduced the duration of ice phenomena at 519 

downstream stations by 33, 22, and 8 days, which is less than the value estimated in this study. However, these results are 520 

particularly significant given that the gauging stations are located more than 800 kilometers downstream of the 521 

reservoirs. An important role in the transformation of the ice regime was also demonstrated in the case of the Williston 522 

Reservoir in Canada on the Peace River (dam height 186 meters). As a result of that operation, total ice cover did not form 523 

for 100–300 kilometers downstream of the dam (Jasek and Pryse-Phillips 2015). This is far higher than the value estimated 524 
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in this study, which may be due to the different sizes of these rivers and reservoirs. Similar results were obtained for the 525 

Krasnoyarsk reservoir (Belolipetsky and Genova 1998); downstream of the dam (124 meters), the ice cover also did not form 526 

for 100–300 kilometers, depending on hydrometeorological conditions. Transformations of the river ice regime have been 527 

observed for both large reservoirs (dams higher than 15 meters) and small ones. For example, Maheu (2016) analyzed the 528 

impact of small dam reservoirs (dams 7–13 meters high) on thermals and water ice in eastern Canada. Using two examples, 529 

he showed that the operation of these facilities significantly raised water temperatures and reduced ice formation in sections 530 

up to 2.5 kilometers downstream. 531 

Similar effects on river ice cover have also been reported for lowland reservoirs, which have different characteristics 532 

(usually less depth) due to terrain. Takács et al. (2013) analyzed the occurrence of ice cover upstreamabove and downstream 533 

ofbelow small dams (< 10 meters) in the Raba River basin (Westen Transdanubia, Hungary). They based their study on 534 

selected periods with similar thermal conditions before and after the construction of the reservoirs, showing that, after 535 

theirtheir construction, the relative frequency of ice cover downstream ofbelow reservoirtheir location decreased by up to 536 

10%, and that anthropogenic factors were crucial in transforming the ice regime of rivers. The significantly smaller impact of 537 

these reservoirs than the values estimated in this study can be explained by the smaller size of the damby their smaller size. 538 

Pawłowski (2015) showed that the construction of the Wloclawek reservoir on the Vistula River (Poland) resulted in a 47% 539 

reduction in the duration of ice cover downstream of its location and a 26% reduction in the duration of all ice events, 540 

leading to a significant transformation of the river's ice regime. Here, to demonstrate the impact of reservoirs, periods with 541 

similar average air temperatures before and after the reservoirs were selected. These values were smaller than those obtained 542 

in this work, which is likely due to the fact that the Wloclawek reservoir has a damming level that is five-fold lower (11 543 

meters). Apsîte et al. (2016) analyzed the impact of the operation of three dam reservoirs (dam heights of 18–40 meters) on 544 

the phenology of ice phenomena on the Daugava River (Latvia), showing that, at a station 6 kilometers downstream ofbelow 545 

the reservoir after its construction, there was a reduction in the duration of ice cover by 91 days. This is a greater decrease in 546 

the frequency of ice cover than estimated in this study, but it was not determined how much of this effect was due to the 547 

construction of the reservoir in relation to climate change.  548 

Despite the relatively high predictive ability of the presented logistic regression models and the high agreement between 549 

modeling results and observations at stations upstream of the reservoirs, caution should be exercised when 550 

analyzing the impact of dam reservoirs using the presented method because of limitations that arise from both the nature of 551 

the data and the river ice processes themselves. First of all, the presented method does not take into account other possible 552 

factors affecting river ice phenomena; these mainly may include regulation of rivers affecting the conditions of ice 553 

formation, all kinds of thermal pollutants emitted into rivers, discharges of municipal and industrial wastewater that can 554 

increase the content of dissolved substances and thus lower the freezing point, and the occurrence of natural changes in the 555 

hydrological and morphological characteristics of rivers and their channels. An important problem is also the significant 556 

sensitivity of the model to input data on the occurrence of river ice cover; due to its characteristics (large variation of 557 

parameters in the longitudinal profile of rivers, non-linear nature of development and disappearance, significant sensitivity to 558 
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hydrological and meteorological conditions), this is difficult to describe and classify into a rigid framework, which can 559 

translate into modeling results.560 

An important issue in analyzing the impact of dam reservoir operations on the ice regime of rivers lies in distinguishing 561 

their impact from that of air temperature variability, which is fundamental to the course of river ice processes and is the main 562 

determinant of the currently observed shortening of the duration of ice events on rivers (Magnuson et al. , 2000; Yang et al., 563 

2020; Newton and Mullan 2020). In the studies cited above, the impact of reservoirs was analyzed by comparing thermally 564 

similar periods before and after their formation. Typically, periods have been selected based on average winter temperatures. 565 

However, approach appears to be an oversimplification due to the averaging of extreme values over entire periods. 566 

Furthermore, this method limits analysis to selected periods only. The method presented in this work made it possible to 567 

demonstrate the impact of reservoirs on river ice cover over the entire period after their creation, regardless of climatic 568 

variability.  569 

 570 

 571 

Figure 149: Location of dam reservoirs (red dots) in areas of river ice cover in Europe (highlighted in blue). The area of this 572 

research is marked with an arrow. Compiled from Fukś, 2023. 573 

 574 
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5. Conclusions 575 

Using two reservoirs located in the Carpathian region as an example, this study presents a method for estimating the impact 576 

of dam reservoirs on river ice cover based on measurement data from water gauge cross sections and a logistic regression 577 

model. An estimation of the extent of the impact of dam reservoirs based on SAR data acquired by Sentinel-1 was also made 578 

here, and this method’s use for determining the extent of dam impact was evaluated. The conclusions of the study can be 579 

summarized as follows: 580 

1. At the local scale (single river), dam reservoirs have a greater impact on the observed decrease in the occurrence of 581 

ice cover of the rivers studied than does climate change. The results presented here suggest that, in areas with a large number 582 

of reservoirs, these reservoirs may play an important role at the regional scale. This is evidenced by the modeling results and 583 

their comparison to the variability of ice cover occurrence in cross-sections not influenced by a dam reservoir (C1, S1). The 584 

decrease in the incidence of ice cover due to the operation of dam reservoirs could exceed 80% in the sections of rivers 585 

immediately downstream of dam locations, with this effect decreasing with increasing distance from the reservoir. 586 

Based on this study, it can be assumed that the increase in the number of dam reservoirs is an important factor in the 587 

currently observed shortening of the duration of river ice cover. 588 

2. The range of river sections downstream ofbelow the studied reservoirs on which total ice cover does not form was 589 

estimated at 60 and 26 kilometers from the reservoir dam location. Based on the results presented in this study and a review 590 

of the literature, it can be concluded that the extent of dams’ impact varies greatly. This is most likely due to a number of 591 

environmental conditions in which the river and reservoir are located, as well as the technical features of the dam and 592 

reservoir. 593 

2.3. Due to the significant impact of the studied reservoirs on the occurrence of river ice cover, it is necessary to take 594 

into account the influence of such structures when conducting studies addressing the role of climate change in the temporal 595 

and spatial variability of river ice cover. Failure to take into account the impact of reservoirs may result in erroneous 596 

attribution of the disappearance of river ice cover to an increase in air temperature and misinterpretation of the results. T his 597 

is important given the significant increase in the number of reservoirs in areas with river ice cover occurrence in the context 598 

of accelerating trends towards warmer air temperatures (1980s and 1990s). 599 

3.4. Logistic regression models are a useful tool for studying the impact of dam reservoirs on river ice cover. This is 600 

evidenced by the high predictive ability of the created models, the relatively high accuracy determined on the basis of test 601 

sets, and the very high agreement of the modeling results with observations at cross sections above upstream of the 602 

reservoirs. After appropriate adaptation, the logistic regression model and the presented procedure can be used to study the 603 

impact of dam reservoirs on other elements of the natural environment. 604 

4.5. In relatively narrow (20–100 meters) mountain rivers, SAR data is a useful tool for determining the sections 605 

downstream ofbelow dam reservoirs in which ice cover does not form. Despite the many errors inherent in the classification 606 

of SAR imagery, it is possible to estimate how far downstream ofbelow the reservoirs there is ice cover, which permits study 607 

— sformatowano: Nie Wyróżnienie



29 

 

of the extent of their influence. The usefulness of this type of data is evidenced by the validation of results based on optical 608 

imaging of the Sentinel-2 satellite. 609 
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