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Abstract 

Changes in river ice regimes are evolving rapidly in response to climate warming, and local anthropogenic influences may 

further modify their spatial and temporal variability. However, both the combined and individual effects of climate change and 

human activities on river ice phenomena remain poorly understood, particularly at the scale of entire river systems. In this 

study, we investigated long-term changes in river ice occurrence along the entire course of the Vistula River during the period 10 

1950–2025, using hydrological observations from 54 gauge stations, Landsat satellite imagery and ERA5 climate reanalysis 

data. The results revealed a significant increasing trend in mean winter air temperature of 0.42 °C per decade, accompanied by 

decreases in both freezing degree days and the number of frost days. Concurrently, the frequency of river ice phenomena along 

the Vistula River decreased at an average rate of 6.2 days per decade, while the mean annual number of days with river ice 

phenomena declined from 49.4 in 1950–1985 to 26.5 in 1986–2020. Satellite observations further showed an average 17.7 15 

percentage points decrease in river ice extent between the periods 1985–2005 and 2006–2025. Despite the overall declining 

trends on the whole-river scale, the spatial distribution of river ice phenomena exhibited pronounced heterogeneity. River 

reaches subject to the least human disturbance were characterized by the most frequent river ice occurrence and the strongest 

relationship with air temperature. In contrast, reaches heavily affected by reservoirs, thermal and chemical pollution, saline 

mine water discharge, urban areas, and channel regulation exhibited a substantially weaker relationship between ice occurrence 20 

and air temperature. Overall, these findings indicate that the Vistula River’s contemporary ice regime is shaped by the 

combined effects of climate warming and local anthropogenic pressures. Although climate change determines the broader 

direction of long-term decreases in river ice phenomena, human activities substantially modify their spatial patterns, 

highlighting the need to account for anthropogenic influences when assessing the response of river ice regimes to ongoing 

climate change. 25 
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1. Introduction  

River ice phenomena play a crucial role in riverine ecosystem functions, geomorphological processes, and human activities. 

Ice within a river channel may lead to the formation of ice jams, potentially triggering extensive flooding and posing a threat 35 

to hydraulic infrastructure (Lindenschmidt et al., 2023). In northern regions, frozen rivers also serve as seasonal transportation 

and communication routes (Brown et al., 2018). Additionally, river ice regimes influence habitat conditions for aquatic 

organisms, food web functioning, and biogeochemical processes, shaping aspects including microbial community structure 

and water quality (Cruaud et al., 2020; Thellmann et al., 2021). River ice phenomena also modify morphogenetic processes, 

including sediment transport and bank erosion (Chassiot et al., 2020).  40 

River ice phenomena have changed significantly since the mid-twentieth century due to ongoing climate change and 

increasing anthropogenic pressure (Fukś, 2023). The main climatic driving factor is increasing winter air temperature, 

reflecting the growing accumulation of energy within the climate system (Masson-Delmotte et al., 2021). These rising air 

temperatures primarily affect river ice by increasing river water temperatures and altering flow dynamics (e.g. Liu et al., 2022; 

Fukś and Wiejaczka, 2025a). Consequently, river ice forms later, breaks up earlier, and persists for shorter periods (e.g. 45 

Marszelewski and Pawłowski, 2019; Fukś, 2023; Szczerbińska and Siwek, 2025). A decrease in river ice extent has also been 

documented (Yang et al., 2020). River ice phenomena are also strongly influenced by human activities, including chemical 

and thermal pollution (Takács et al., 2013), reservoir operation (Fukś et al., 2024; Fukś and Wiejaczka, 2025b), river channel 

regulation (Takács et al., 2013; Pawłowski, 2015), and intentional ice-breaking to reduce flood risk (Lindenschmidt et al., 

2023). 50 

Due to the numerous interacting factors influencing river ice phenomena, their temporal and spatial variability remains 

poorly understood. In particular, the effects of changes in climatic conditions and anthropogenic pressure on the ice regimes 

of individual reaches of long north–south-oriented rivers are poorly constrained. Previous studies have typically relied on a 

single data type (e.g., in situ observations) and focused on selected river reaches. Few studies have comprehensively assessed 

the temporal and spatial dynamics of river ice phenomena along entire river courses, particularly using multiple integrated data 55 

sources. Consequently, it remains unclear to what extent observed changes in river ice regimes are driven by climatic changes 

versus other anthropogenic influences. 

Central Europe provides an ideal setting for investigating the spatiotemporal patterns of river ice phenomena, due to its 

location within the transitional zone between oceanic and continental climatic influences. This results in high variability in 

winter thermal conditions and substantial differences in the frequency, intensity, and duration of river ice phenomena. The 60 

region is also characterized by strong and spatially varying anthropogenic pressure and a protracted history of hydrological 

modification. Contemporary river systems in Central Europe have been extensively altered, including channel regulation, 

reservoirs and hydropower plant construction, catchment urbanization, and land-use change (e.g. Belletti et al., 2020; Maaß et 

al., 2021; Habersack and Bradley, 2022; Havlíček et al., 2022). These modifications substantially alter river hydrological 
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regimes and affect the functioning of riverine ecosystems (e.g., Rottler et al., 2020). Overall, these characteristics provide a 65 

unique opportunity to investigate the combined influence of natural and anthropogenic drivers on river ice regimes. 

The Vistula River is a particularly valuable case study for investigating river ice variability due to its significant length, 

north–south orientation, and the highly diverse climatic, hydrological, and morphological conditions throughout its catchment, 

caused by its location within the transitional zone between oceanic and continental climatic influences. Additionally, this 

river’s variable anthropogenic pressure, including channel regulation, hydraulic infrastructure, and river valley development, 70 

provides an opportunity to assess the relative importance of climate change and human activity in shaping the contemporary 

river ice regime (Majewski, 2013; Marszelewski, 2017; Niemirycz, 2018). Previous studies of river ice phenomena on the 

Vistula have focused primarily on selected river reaches, including investigations of the upper Vistula and its tributaries (e.g. 

Łajczak, 1991; Fukś and Wiejaczka, 2025b; Szczerbińska and Siwek, 2025), focused on the characteristics and controls of 

river ice processes, and studies of the lower Vistula (e.g. Grześ, 1991; Achrem and Gierszewski, 2007; Pawłowski, 2017), 75 

which analyzed the drivers of river ice variability, with a focus on ice jams and their hydrological consequences. However, 

despite this extensive research, comprehensive studies examining the spatiotemporal variations in river ice phenomena along 

the entire course of the Vistula over a multi-decadal period are still lacking. 

This study’s main aim is to comprehensively assess the temporal and spatial variability of the Vistula River’s ice regime. 

To achieve this, our objectives are to: (1) identify the key factors driving changes in the Vistula River ice regime; (2) determine 80 

the river reaches with the greatest and least alteration of the ice regime; (3) assess the relative importance of climate change 

and anthropogenic pressure in shaping river ice processes; and (4) evaluate the spatial variability of the river’s ice regime 

response to natural and anthropogenic drivers. 

 

2. Study area 85 

The Vistula River flows through varied topography, ranging from mountainous areas through uplands and basins to extensive 

lowlands, each characterized by distinct climatic, hydrological, and morphological conditions. The Vistula catchment lies 

within the temperate transitional climate zone between oceanic and continental influences, resulting in highly variable winter 

thermal conditions and pronounced temporal and spatial variability in river ice and thermal processes. Consequently, the 

Vistula basin is a model example of a Central European river system, due to both its paleogeographic development and 90 

contemporary hydrological and geomorphological processes (Starkel, 2001).  

The Vistula River is conventionally divided into three sections (upper, middle, and lower), each characterized by distinct 

hydrological and morphological features that influence thermal and ice processes (Fig. 1). The upper Vistula comprises the 

river’s Carpathian and Subcarpathian sections, extending from its headwaters (located at an elevation of ~1100 m a.s.l.) to its 

confluence with the San River. This section is 385.9 km long, representing 36.8% of the total length of the Vistula. It is 95 

characterized by a pronounced longitudinal gradient, particularly in the Carpathian reach, and by a gradual downstream 

decrease in channel sinuosity (Łajczak et al., 2021). Along this section, the Vistula typically comprises single-thread, sinuous, 
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or meandering channels. The mean discharge increases from approximately 6 m³ s⁻¹ at station S1 to around 450 m³ s⁻¹ 

downstream of the San confluence (station S22; Fig. 1). The middle Vistula begins at the confluence with the San River and 

flows northward across the Polish Uplands before turning northwest towards the Warsaw Basin, ending at the confluence with 100 

the Narew River (station S34; Fig. 1). 

 

Figure 1. Map showing the Vistula River Basin and the locations of the studied hydrological stations. 

 

This section is 270.3 km long, accounting for 25.8% of the river’s total length. The channel gradient decreases from 105 

approximately 0.28‰ to less than 0.2‰. The mean discharge is approximately 575 m³ s⁻¹ in Warsaw (station S33) and 

increases to ~950 m³ s⁻¹ downstream of the confluence with the Narew River (station S34). A characteristic feature of the 

middle Vistula is its braided channel pattern, including numerous mid-channel and lateral sandbars.  
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The lower Vistula extends for 391.3 km, representing 37.4% of the total river length. Along this section, the longitudinal 

channel gradient gradually decreases to approximately 0.1‰. Between the confluence with the Narew River and Płock (stations 110 

S34–S38), the river flows through multiple interconnected channels, forming an anabranching channel pattern (Łajczak et al., 

2021). Downstream of this reach, the Vistula returns to a single-thread channel, although locally braided reaches with 

numerous sandbars are still present. The mean discharge at the river mouth section in Tczew (station S51) is approximately 

1080 m³ s⁻¹. The final 200 km of the Vistula has been extensively regulated. Given the marked spatial variability in discharge, 

channel morphology, and climatic conditions along the river, substantial differences in the spatial patterns of water temperature 115 

and river ice processes are likely. 

Various forms of anthropogenic pressure occur along the entirety of the Vistula River, including channel regulation, 

hydraulic infrastructure, reservoir operation, water abstraction, industrial and mining activities, and intensive river valley 

development. It is estimated that wastewater from more than 100 industrial facilities is discharged into the Vistula. 

Collectively, these factors variably modify flow conditions and river ice formation, evolution, and decay, resulting in 120 

pronounced spatial variability of the river’s ice regime. Several reservoirs are located along the Vistula River, the largest of 

which is the Włocławek Reservoir, with a storage capacity of ~400 million m³, a surface area exceeding 70 km², and a mean 

depth of 5.5 m. Commissioned in 1970, this reservoir has substantially altered river ice conditions both upstream and 

downstream of its dam (Grześ, 1991; Pawłowski, 2017). The upper Vistula also includes the Goczałkowice Reservoir, which 

began operating in 1956. This reservoir has a mean depth of 5.3 m and a total storage capacity of 168 million m³. Additionally, 125 

in the headwaters of the Vistula, the small Wisła Czarne Reservoir, commissioned in 1973, has a storage capacity of 4.5 million 

m³ and a mean depth of approximately 13 m. Overall, the combination of a gradient in natural conditions and varying 

anthropogenic pressure within a single river system provides a unique opportunity to assess the relative importance of climate 

change and human activities in shaping changes in the river’s ice regime. 

 130 

3. Data and methods 

To investigate the temporal and spatial variability of river ice phenomena along the Vistula River, we used data from multiple 

complementary sources. River ice occurrence data for 1949–1981 were obtained from the Hydrological Yearbooks of Surface 

Waters – Vistula (1949–1981), published by the Polish State Institute of Hydrology and Meteorology (until 1970) and 

subsequently by the Institute of Meteorology and Water Management (from 1971 onwards). As these yearbooks were available 135 

only in printed form, the daily observation records of individual river ice phenomena were manually digitized onto a digital 

database. River ice occurrence data for 1981–2020 were obtained from the online database of the Institute of Meteorology and 

Water Management – National Research Institute (IMWM-NRI; 

https://danepubliczne.imgw.pl/data/dane_pomiarowo_obserwacyjne/, accessed: 7 July 2026). The two datasets were 

harmonized using the following river ice phenomena classes: total ice cover, border ice, frazil ice, ice floe, and ice jams. The 140 

annual number of river ice days was calculated as the total number of days on which at least one type of river ice phenomenon 
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was recorded. The compiled dataset was subjected to quality control to assess its completeness and identify potential gaps. To 

do so, observation schedules from IMWM-NRI were cross-checked against the compiled database. Where water level data 

were available and the observation schedule confirmed that measurements had been conducted, both recorded ice occurrence 

and absence were treated as valid observations. In total, river ice observations from 54 hydrological stations were compiled; 145 

however, only 18 stations provided complete or near-complete records spanning the entire 1950–2020 period, whereas the 

remaining stations provided observations for only part of the study period. Only stations with at least 10 years of observations 

were included in the analyses. Spatial analyses of river ice occurrence were based on data from all 54 hydrological stations, 

with missing observations supplemented using records from the nearest available stations. Analyses of temporal variability 

were restricted to the 18 stations with no significant gaps in the observation record (defined as >10% missing data), although 150 

data gaps at four of these stations were also filled using observations from the nearest neighboring stations. 

Based on data from 54 hydrological stations, the mean annual numbers of days with individual river ice phenomena were 

calculated for consecutive 10-year periods for the different sections of the Vistula River. In all the analyses, the hydrological 

year, defined as 1 November to 31 October, was adopted as the basic temporal unit to ensure each winter season (November 

to March) was contained within a single study year. Based on a review of the literature, the main factors potentially affecting 155 

river ice processes were identified, and their locations are indicated in Fig. 4. 

Temporal variability in river ice occurrence was analyzed using data from 18 hydrological stations. First, long-term trends 

for the whole study period (1950–2020) were estimated using the Theil–Sen estimator (Hussain et al., 2019). The statistical 

significance of the trends was assessed using the non-parametric Mann–Kendall test (Hussain et al., 2019). A significance 

level of p < 0.05 was adopted, while p-values were also interpreted continuously, with lower values indicating stronger 160 

evidence against the null hypothesis. Subsequently, the mean annual numbers of days with any river ice phenomenon and those 

with complete ice cover were calculated for two sub-periods: 1950–1985 (A) and 1986–2020 (B). The difference between the 

mean values for the two sub-periods was also determined, and the statistical significance of these differences was evaluated 

using the non-parametric Mann–Whitney U test (Mann and Whitney, 1947). The null hypothesis assumed identical 

distributions in groups A and B, while the alternative hypothesis assumed they differed. These methods enabled the 165 

quantification of both the direction and the magnitude of changes in river ice occurrence. 

To assess and visualize long-term trends and temporal variability, we applied the Moving Average and Running Trend 

Analysis (MARTA) method (Ranzi et al., 2024; Fukś and Wiejaczka, 2025b). This approach involves calculating moving 

averages and trend estimates for all possible sub-periods of a time series longer than 10 years, with the results displayed as 

triangular MARTA diagrams (Ranzi et al., 2024). In these diagrams, the vertical axis represents the length of the analyzed sub-170 

period, while the horizontal axis indicates its central year. Trends were estimated using the Theil–Sen estimator, and their 

statistical significance was assessed with the Mann–Kendall test. Trends significant at the p < 0.05 level are plotted with larger 

symbols. Statistically significant trends located in the upper part of the diagrams represent persistent long-term changes, 

whereas those in the lower part reflect short-term variability. MARTA diagrams enable the simultaneous analysis of variability 

and trends across multiple temporal scales and have been successfully applied in studies of river ice phenomena and other 175 
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components of the cryosphere (Ranzi et al., 2024; Fukś and Wiejaczka, 2025b). These diagrams were prepared using the 

average values calculated from all 18 gauging stations and for subsets of stations in areas both directly and not directly affected 

by anthropogenic pressures. 

To quantify the spatial and temporal changes in river ice extent, Landsat 5, 7, 8, and 9 satellite data were used. The imagery 

was obtained from the Collection 2 Tier 1 Top-of-Atmosphere Reflectance archive, which provides high geometric accuracy 180 

and radiometric consistency (Crawford et al., 2023). Data processing was performed using the Google Earth Engine cloud 

computing platform, enabling efficient analysis of large geospatial datasets (Gorelick et al., 2017). River ice extent was 

quantified using the approach described by Fukś et al. (2026, in press). In this method, a dynamic water mask was generated 

separately for each year to exclude mobile channel features (e.g., sandbars) that could potentially interfere with river ice 

detection. The annual water masks were generated using a combination of the JRC Global Surface Water dataset and Landsat 185 

imagery acquired during the low-flow period (August–October). First, only pixels with a long-term water occurrence 

exceeding 80% were retained as potential river areas. Subsequently, the median Normalized Difference Water Index (NDWI) 

was calculated for each year from all available cloud-free Landsat images acquired during the low-flow season. Pixels with 

median NDWI values below 0, corresponding to exposed depositional forms under low-flow conditions, were excluded from 

the final water mask. This procedure enabled the active water surface to be delineated for each studied year while also 190 

accounting for interannual changes in the position and extent of mobile channel features.  

Subsequently, all available Landsat images acquired during the winter seasons of 1985–2025 with cloud cover below 30% 

were clipped to the calculated water masks representing the Vistula River. All images were subjected to cloud masking using 

the Quality Assessment band (QA_PIXEL; Zhu and Woodcock, 2012). In total, 404 Landsat scenes covering the entire Vistula 

River were obtained for the study period. Each image was classified into two classes (ice/no ice) using a random forest 195 

machine-learning algorithm. The training dataset consisted of pixel-level reflectance values and derived variables collected 

for the Vistula River (training dataset with description available at https://zenodo.org/records/20083432). Detailed descriptions 

of the classification model and Landsat processing workflow are provided by Fukś et al. (2026, in press). Their method, 

validated using 883 paired satellite and in situ observations from the Vistula River, demonstrated higher accuracy and spatial 

detail than previously applied methods. It achieved a balanced accuracy of 0.95 for total ice cover detection and 0.81 for 200 

detecting all river ice phenomena, with F1 scores of 0.89 and 0.65, respectively. In the present study, the ice classification 

results were used to calculate the proportion of river ice cover relative to the total water surface area for two sub-periods (1985–

2005 and 2006–2025), both for the entire Vistula River and for successive river sections approximately 100 km in length. 

A range of auxiliary datasets was used in the analysis. Climatic conditions during the study period were characterized using 

air temperature data from the ERA5 climate reanalysis dataset (Hersbach et al., 2020), including daily mean, minimum, and 205 

maximum air temperature at 2 m above the surface. Additional parameters were then derived from these data, including 

seasonal freezing degree-day sums and the number of days with mean air temperatures below 0 °C and −5 °C. These parameters 

were averaged for consecutive hydrological years, and the resulting time series were analyzed for trends using the Theil–Sen 

estimator and the Mann–Kendall test (Hussain et al., 2019). Water temperature variability was analyzed from 1984–2024 at 

https://doi.org/10.5194/egusphere-2026-6596
Preprint. Discussion started: 4 November 2026
c© Author(s) 2026. CC BY 4.0 License.



8 

 

six monitoring stations using data obtained from the online resources of the Institute of Meteorology and Water Management 210 

– National Research Institute (IMWM-NRI; available at: 

https://danepubliczne.imgw.pl/data/dane_pomiarowo_obserwacyjne/, accessed: 7 July 2026). 

 

4. Results 

4.1 Changes in winter thermal conditions along the Vistula River and their relationship with river ice phenomena 215 

The analyses revealed a statistically significant increase in mean winter air temperature across the study area from 1950–2025, 

averaging 0.42 °C per decade (p < 0.001; Fig. 2). A decrease in the seasonal sum of freezing degree days was also observed, 

with an average decrease of 28.4 days per decade (p < 0.001) Similar decreases as were noted in the number of days with air 

temperatures below 0 °C (−4.6 days per decade; p < 0.001) and below −5 °C (−2.4 days per decade; p < 0.001). Figure 2 

presents the temporal and spatial dynamics of air temperature changes. 220 

The coldest decade during the study period was 1960–1969, with a mean winter air temperature of −1.05 °C. Slightly 

higher temperatures were recorded in 1950–1959 (−0.54 °C) and 1980–1989 (−0.15 °C). A marked shift in winter thermal 

conditions occurred during 1987–1989, when the stationary behavior of the air temperature time series was disrupted, and a 

significant increasing trend emerged. After 1990, each subsequent decade was characterized by successively higher air 

temperatures (0.70 °C, 0.91 °C, and 1.17 °C). Following 2019, an acceleration in the rate of winter air temperature increase 225 

was observed. During 2019–2025, the mean winter air temperature reached 2.71 °C. The observed winter air temperature 

increases during the study period are further supported by statistically significant increases in both mean minimum and 

maximum air temperatures. These increases ranged from 0.4 to 0.5 °C per decade (with statistically significant trends at all 

stations at p < 0.05) and averaged 0.43 °C per decade for both parameters.  

Overall, these results indicate a substantial increasing trend in winter air temperatures across the study area from 1950 to 230 

2025. Two major transition points can be identified within the time series: (1) 1987–1989, after which a statistically significant 

warming trend emerged, and (2) 2019, after which the rate of warming accelerated. These changes indicate a pronounced shift 

in winter thermal conditions during the study period, representing the primary climatic background controlling river ice 

processes. 
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 235 

Figure 2. (A) Plot showing the average winter air temperature along the Vistula River, and MARTA diagrams showing (B) 

moving averages of winter air temperature and (C) mean winter air temperature trends. 

 

To determine the Vistula River system’s response to increasing air temperatures, changes in water temperature and river 

discharge were analyzed at selected monitoring stations. For the water temperature analysis, the longest available measurement 240 

series common to all stations was used, spanning 1984–2024. During this period, the mean winter water temperature increased 

along the entire longitudinal profile of the Vistula, with increases ranging from 0.1 to 0.8 °C per decade and an average increase 

of 0.42 °C per decade (based on data from six monitoring stations). Over the same period, a decrease was also observed in the 

number of days with water temperatures below 1.0 °C, ranging from 5 to 14 days per decade depending on the station, with 

statistically significant trends at the p < 0.05 level identified at five stations. In contrast, no consistent trends in river discharge 245 

were identified over the entire study period. Overall, the water temperature changes were consistent with the observed changes 

in air temperature, indicating the effective transfer of climatic signals into the river system.  

The correlation analysis between the occurrence of river ice phenomena, river discharge, and air temperature revealed that 

ice occurrence was strongly negatively correlated with air temperature (Fig. 3). The strongest correlations between ice 
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occurrence and air temperature were observed at gauging stations in the middle section of the Vistula River (350–500 km 250 

along the river’s course). Pearson’s linear correlation coefficient values between the monthly number of days with river ice 

phenomena and mean monthly air temperature ranged from −0.58 to −0.83. The lowest-magnitude correlation coefficient 

values (i.e., those indicating the weakest relationships) occurred in the upper Vistula section (first 60–260 km of the river 

course), with values of −0.67 and −0.58 at two stations. Notably, the river reaches exhibiting the strongest negative 

relationships between air temperature and river ice occurrence were identified as the least modified by human activity, while 255 

those with the weakest correlations were the most strongly affected by anthropogenic disturbance. The correlation between the 

monthly number of days with river ice phenomena and river discharge was considerably weaker, with Pearson’s correlation 

coefficients ranging from −0.18 to −0.30. For this pair of variables, river reaches characterized by substantial anthropogenic 

modification also tended to exhibit weaker correlation coefficients. 

 260 
Figure 3. Plot showing linear correlation coefficients calculated along-river between the monthly number of days with ice 

phenomena and the mean air temperature and mean discharge. 

 

4.2 Spatial variability in the occurrence of river ice phenomena along the Vistula River 

The analyses revealed substantial spatial variability in the occurrence of river ice phenomena along the Vistula River (Fig. 4). 265 

In the upper section of the river (0–30 km), the mean annual number of days with river ice phenomena between 1950 and 2020 

was approximately 32 days. In this mountainous (Carpathian) reach, total ice cover and border ice were the dominant forms, 

with frazil ice contributing only marginally. A gradual downstream decrease in the number of days with river ice phenomena 

was observed, associated with decreasing elevation (from over 500 to approximately 250 m a.s.l.) and a resulting increase in 

minimum winter temperatures. Despite the presence of the Wisła Czarne Reservoir, the river ice regime in this section 270 

remained largely undisturbed. 
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Figure 4. Plots showing spatial and temporal variability of river ice phenomena along the course of the Vistula River, together 

with selected disturbing factors. Solid lines represent continuous sequences of the 54 gauging stations included in the analysis, 

while dashed lines indicate sections with interrupted continuity due to missing intermediate stations. 275 
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In the next section of the Vistula River downstream (50–250 km; the area of the Subcarpathian basins), almost no river ice 

phenomena were recorded. This trend is attributed to multiple factors, including strong anthropogenic pressures disrupting 

river ice formation. The most prominent anthropogenic factors in this area include the inflow of warmer, highly mineralized 280 

mine waters from the Upper Silesian region, the operation of the large Goczałkowice Reservoir, pollutant emissions linked to 

industrial activity, and river channel regulation. These pressures have substantially altered the Vistula River’s ice regime. 

However, a gradual recovery (i.e., renaturalization) of the ice regime is observed further downstream in the 250–370 km 

section. Here, the mean annual number of days with river ice phenomena increased from fewer than 10 to more than 30 days. 

This process is favored by the inflow of water from right-bank tributaries draining the Polish Carpathians, many of which have 285 

largely retained their natural hydrological characteristics. The inflow from the San River at ~380 km is particularly important, 

leading to a pronounced increase in the frequency of river ice phenomena observed downstream (Fig. 4). The mean number of 

annual days with river ice phenomena increases from approximately 33 days upstream of the San confluence (station S22) to 

approximately 43 days at downstream stations (stations S24 and S25). This increase may also partially result from the 

increasing continentality of the area’s climate at more easterly longitudes. Along the 250–370 km section, complete ice cover 290 

and frazil ice were the dominant forms of river ice. 

Further downstream, along the middle Vistula River section between 400 and 500 km, the ice regime is less affected by 

anthropogenic modification. This is evidenced by the high number of annual days with river ice phenomena (an average of 50 

days between 1950 and 2020) and the limited number of potential disturbance factors. This section is characterized by frequent 

occurrence of total ice cover (an average of 23 days annually during 1950–2020), accompanied by frazil ice formation (an 295 

average of 18.8 days). These results suggest that this section represents the most natural part of the Vistula River in terms of 

river ice formation. 

Further downstream, along the 500–620 km section of the middle Vistula River, a substantial decrease in the frequency of 

total ice cover was observed, from an average of 24.5 to 6.6 days. This decline was accompanied by an increase in the 

occurrence of border ice from 9.5 to 21.5 days annually and frazil ice from 19.9 to 22.1 days annually, resulting in no significant 300 

change in the total number of days with river ice phenomena. This section was characterized by the presence of several factors 

potentially affecting river ice processes, including chemical industry facilities, a coal-fired power plant, and the Warsaw 

metropolitan area. 

Along the 620–780 km section of the lower Vistula River, a pronounced increase in the frequency of total ice cover was 

observed, reaching an average of 55 days annually during 1970–1979. This section was also characterized by a high number 305 

of days with other river ice phenomena, exceeding 80 days annually on average. The substantial increase in river ice occurrence 

was associated with the presence of the Włocławek Reservoir, commissioned in 1970, the largest reservoir of its type on the 

Vistula River. Reservoir operation promoted upstream ice-cover formation by reducing flow velocity and promoting frazil ice 

accumulation. Immediately downstream of the dam, the mean number of days with river ice phenomena decreased by 
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approximately 10 days, and the number of days with total ice cover decreased by 30 days. Because of reservoir operation, total 310 

ice cover ceased to form along a several-kilometer section downstream of the dam. 

The downstream section of the river (780–1047 km) is characterized by a low number of days with total ice cover (an 

average of less than 7 days per year during 1950–2020) and a relatively frequent occurrence of border ice (an average of 16 

days per year during 1950–2020). A distinctive feature of the Vistula mouth section is the pronounced downstream increase 

in the frequency of ice floe occurrence, reaching an average of 52.8 days during 1950–1959. The high frequency of ice floe 315 

formation may be associated with icebreaking operations conducted on the lower Vistula and fluctuations in river water levels 

resulting from the operation of the Włocławek Reservoir. 

The mean fraction of river ice cover (Fig. 5) during 1985–2025 (November–March), estimated from Landsat data, was 

14.2%. The lowest values (10–11%) were recorded in the section downstream of the Włocławek Reservoir (765–865 km) and 

in the upper Vistula River (200–400 km). These reaches also exhibited the lowest frequency of river ice phenomena and total 320 

ice cover based on hydrological station observations. The limited ice extent in these sections results from anthropogenic 

pressures, primarily changes in the physicochemical properties of water caused by pollutant inputs in the 200–400 km section 

and the influence of the Włocławek Reservoir in the 765–865 km section. In contrast, the highest river ice proportions were 

observed in the 400–500 km and 700–765 km sections, reaching 17% and 21%, respectively. These observations likely resulted 

from the limited anthropogenic modification of the 400–500 km section and intensified ice cover development upstream of the 325 

Włocławek Reservoir in the 700–765 km section. 

 

4.3 Temporal changes in the occurrence of river ice phenomena along the Vistula River 

During the period 1950–2020, the frequency of river ice phenomena along the Vistula River decreased significantly (Fig. 5; 

Fig. 6). At all analyzed stations with continuous observation records (17 stations), the number of days with river ice phenomena 330 

decreased by an average of 6.2 days per decade. At 14 stations, the observed trends were statistically significant at the p < 0.05 

level, whereas the changes at three stations were not statistically significant. The sharpest decreases, exceeding 9 days per 

decade, were observed at gauging stations located along the middle Vistula River (400–500 km section). In contrast, the 

weakest decreasing trends (<1 day per decade) occurred in areas with substantial anthropogenic influence in the upper Vistula 

River. This indicates a nearly continuous decrease in river ice frequency along the Vistula River with spatially varying rates 335 

of change.  

The temporal structure of river ice occurrence reveals a distinct breakpoint in the stationarity of the time series during the 

mid-1980s (Fig. 6). During the first half of the study period (1950–1985), the mean annual number of days with river ice 

phenomena ranged from 11 to 73.5 days depending on the station, with an overall mean of 48.4 days (Table 1). In contrast, 

during 1986–2020, this range was 7.8 to 44.5 days, with an overall mean of 26.1 days. The average number of days with river 340 

ice phenomena decreased by 22.3 days between these two periods, and the change was statistically significant at 14 stations, 

as determined using the Mann–Whitney U test. Analogous changes were also observed for the total ice cover occurrence. 
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During 1950–1985, the mean annual number of days with total ice cover ranged from 3.8 to 37.8 days, with an overall mean 

of 17.9 days. During 1986–2020, these values ranged from 1.4 to 24.4 days, with an overall mean of 6.6 days. On average, the 

number of days with total ice cover decreased by 11.3 days between the two periods, with statistically significant changes at 345 

11 stations. After 2020, river ice phenomena occurred only sporadically, mainly as frazil ice and border ice along the middle 

and lower Vistula. Complete ice cover formed only in 2021 and 2026, lasting from several days to approximately two weeks. 

 

 
Figure 5. Maps showing (A) mean river ice fraction derived from Landsat observations for the period 1985–2025 and (B) 350 

the magnitude of the decreasing trend in the number of days with river ice phenomena during the period 1950–2020. 
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Figure 6. MARTA diagrams showing moving averages and trends in the number of days with river ice phenomena during 

1950–2020 for (a, a1) all stations with complete measurement series and (b, b1) stations not directly affected by anthropogenic 

pressures. 355 

 

Temporally, the greatest river ice extent occurred in January (based on Landsat data from 1985–2025), when ice covered 40% 

of the river’s surface area. Slightly lower ice coverages were observed in December (16%) and February (23%). The minimum 

ice extents occurred in November (3%) and March (4%). During 1985–2025, a decrease in the proportion of ice-covered area 

along the Vistula River was observed. Depending on the river section, the reduction between the two sub-periods (2006–2025 360 

and 1985–2005) ranged from 12.5 to 26.4 percentage points, with an average decrease of 17.7 percentage points. Notably, the 

strong agreement between the spatial distribution of river ice extent and the results obtained from in situ observations confirms 

high consistency between these two data sources. 

 

Table 1. Trends (1950-2020) and the number of days with ice phenomena and ice cover at measuring stations. 365 

Station 

Code 

Trend in the 

number of 

days with ice 

phenomena 

[days/decade] 

Avg. number of days 

with ice phenomena 

Difference in ice 

phenomena 

between 1986–

2020 and 1950–

1985 (percentage 

change) 

Avg. number of days 

with total ice cover 

Difference in 

total ice cover 

between 1986–

2020 and 

1950–1985 

(percentage 

change) 

1950-1985 1986-2020 1950-

1985 

1986-

2020 

S1 -7.2 52.8 21.5 -31.3 (-59.3%) 20.8 6.2 -14.6 (-70.2%) 
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S3 -1.3 37.5 27.0 -10.6 (-28.3%) 11.4 1.8 -9.5 (-84.2%) 

S4 -2.6 22.8 11.6 -11.3 (-49.1%) 10.1 2.5 -7.7 (-75.25%) 

S13 -0.4 12.5 8.4 -4.1 (-32.8%) 3.8 1.4 -2.5 (-63.2%) 

S14 0.0 11.0 7.8 -3.2 (-29.1%) 4.7 1.9 -2.8 (-59.6% 

S15 -2.7 22.8 16.3 -6.5 (-28.5%) 6.3 4.2 -2.1 (-33.3%) 

S17 -3.0 28.5 23.2 -5.3 (-18.6%) 12.2 5.8 -6.4 (-52.5%) 

S22 -7.2 46.9 18.1 -28.8 (-61.4%) 26.9 4.1 -22.8 (-84.8%) 

S24 -4.9 49.2 32.0 -17.2 (-35%) 23.8 7.6 -16.2 (-68.1%) 

S25 -8.2 60.5 29.8 -30.9 (-50.7%) 28.5 10.7 -17.8 (-62.5%) 

S28 -10.0 67.6 32.1 -35.5 (-52.5%) 37.8 15.5 -22.2 (-59.0%) 

S29 -7.7 69.7 40.5 -29.2 (-41.9%) 31.4 13.7 -17.7 (-56.4%) 

S33 -7.8 63.6 28.9 -34.6 (-54.6%) 10.0 3.5 -6.5 (-65.0%) 

S36 -7.1 73.5 44.5 -29.1 (-39.5%) 34.3 24.4 -9.9 (-28.9%) 

S42 -8.3 67.6 38.2 -29.5 (-43.5%) 15.8 5.0 -10.8 (-38.3%) 

S44 -9.1 69.7 33.7 -36.0 (-51.6%) 13.2 2.2 -11.0 (-83.3%) 

S46 -8.4 66.0 35.9 -30.0 (-45.6%) 13.0 3.7 -9.3 (-71.5%) 

S51 -10.5 66.9 27.9 -39.0 (-58.3%) 9.3 5.9 -3.4 (-36.6%) 

Mean -6.2 49.4 26.5 -22.8 (-46.4%) 17.4 6.7 -10.7 (-61.5%) 

Statistically significant values at the p < 0.05 level are shown in bold. The significance of trends was assessed using the Mann–

Kendall test, while differences between the two sub-periods were evaluated using the Mann–Whitney U test. 

 

Assuming an average Vistula River water surface area of 257.8 km², the mean ice-covered area decreased from approximately 

64.5 km² during 1985–2005 to approximately 20.6 km² during 2006–2025. Note that these values are approximate, as they 370 

were derived by multiplying the mean percentage of ice cover detected in Landsat imagery by the average water surface area 

of the Vistula River. Since the river surface area varies over time depending on hydrological conditions, the actual ice-covered 

area during individual winters may differ from these estimates.  

Overall, the results indicate that the Vistula River’s ice regime is shaped by the interplay between climate change and local 

anthropogenic factors. At the whole-river scale, a clear long-term decline in river ice phenomena is observed, primarily driven 375 

by increasing air and water temperatures. Climatic variability provides the general environmental background controlling the 

overall characteristics of the Vistula ice regime, while spatial variability in river ice occurrence is strongly influenced by 

anthropogenic activities, reflecting the local effects of reservoirs, thermal and chemical pollution, and river channel regulation. 

River sections characterized by the least anthropogenic modification exhibited the highest frequency of river ice phenomena 

and the strongest relationship with thermal conditions, whereas these relationships were considerably weaker in heavily 380 
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modified sections. These results demonstrate that the response of the Vistula River’s ice regime to contemporary climate 

warming is spatially heterogeneous and substantially modified by human activity. 

 

5. Discussion 

The above results indicate that the temporal and spatial variability of river ice phenomena along the Vistula River results from 385 

the interplay between climate change and local anthropogenic transformations. While climate change dictates the overall 

direction of ice regime transformation, human activities locally modify the river’s response, leading to pronounced spatial 

differentiation of river ice processes. Thus, the contemporary ice regime of the Vistula River reflects the superposition of 

processes operating across multiple spatial scales, from basin-wide climatic drivers to local anthropogenic impacts.  

The observed changes along the Vistula River’s longitudinal profile are consistent with findings from numerous studies of 390 

rivers across the Northern Hemisphere, which have demonstrated later ice formation, earlier ice break-up, shorter duration of 

river ice phenomena, and reductions in ice thickness and volume over time (Beltaos and Prowse, 2009; Newton and Mullan, 

2021; Vuglinsky, 2017; Imrit et al., 2022; Fukś, 2023; Szczerbińska and Siwek, 2025). In some regions, a gradual 

disappearance of the total river ice cycle has also been observed (Fukś and Wiejaczka, 2025b). The results presented here 

indicate that during the analyzed period, the Vistula River has transformed from a river characterized by a complete seasonal 395 

ice cycle into a river where ice phenomena now occur only episodically.  

The increase in air temperature from 1950 to 2020, together with the accelerated warming trend since the mid-1980s, has 

been widely observed across Europe (Dong et al., 2017; Twardosz et al., 2021). Recent studies attribute this transition to the 

combined effects of several processes, including increased radiative forcing from rising greenhouse gas concentrations, a rapid 

decrease in sulfate aerosol emissions leading to increased solar radiation reaching the Earth’s surface, and changes in 400 

atmospheric circulation over the North Atlantic and Europe (Wild, 2009; Nabat et al., 2014; Masson-Delmotte et al., 2021; 

Marsz and Styszyńska, 2022). The strong relationship between air temperature and the frequency and duration of river ice 

phenomena indicates that atmospheric thermal conditions represent the primary factor controlling long-term variability in the 

Vistula River’s ice regime. This suggests that the observed reduction in river ice occurrence should be interpreted primarily as 

the river system’s response to ongoing climate warming. 405 

This study demonstrated that anthropogenic pressure represents the second key factor shaping the Vistula River’s 

contemporary ice regime. The results indicate that anthropogenic modifications of the river ice regime occur primarily through 

three mechanisms: (i) alterations in the water’s physicochemical properties, (ii) changes in the thermal regime, and (iii) 

modifications of hydraulic flow conditions. 

Changes in the river water’s physicochemical properties are associated with the discharge of mine, industrial, and municipal 410 

waters, resulting in water temperature increases and mineralization. This process was most pronounced in the upper Vistula 

River, where the development of mining activities in the Upper Silesian Coal Basin since the 19th century has led to extensive 

mine drainage and the discharge of highly mineralized and heated waters into the Przemsza and Gostynia rivers, as well as 
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directly into the Vistula River (Bednorz, 2012; Janson, 2024). During the second half of the 20 th century, the contribution of 

mine waters to the total Vistula discharge downstream of these tributaries periodically reached several to several dozen percent, 415 

with mineralization exceeding 3000–5000 mg·L⁻¹ (Gajowiec and Różkowski, 1988; Maksymiak-Lach et al., 2006; Kasprzak 

et al., 2016). Some Vistula tributaries exhibited mineralization exceeding 30,000 mg·L⁻¹. The discharged waters were 

characterized by particularly high concentrations of Cl⁻ and SO₄²⁻ ions, which lower the freezing point of water (Pawłowski, 

2017). Additionally, the elevated temperature of mine waters, typically 10–20 °C, further limits the potential for river ice 

formation (Marszelewski and Pius, 2021; Barzantny et al., 2025). A similar mechanism, although operating on a much smaller 420 

spatial scale, has also been observed downstream of large industrial facilities, power plants, and urban agglomerations, 

including the areas of Kraków and Warsaw, where the discharge of wastewater and heated water contributed to a reduction in 

total ice cover occurrence. 

The second mechanism of anthropogenic influence was reservoir operations, which affect both the thermal and hydraulic 

regimes of rivers. The Goczałkowice Reservoir limits the transport of mobile ice forms and releases warmer water during 425 

winter, leading to a decreased frequency of river ice phenomena downstream of the dam, similarly to observations from other 

reservoirs (Soja and Wiejaczka, 2014; Jasek and Pryse-Phillips, 2015; Fukś et al., 2024; Fukś and Wiejaczka, 2025b). A similar 

pattern is observed for the Włocławek Reservoir. Upstream of the dam, the reduced flow velocity and transition from typical 

riverine conditions to a more lacustrine environment promote the accumulation of mobile ice forms and the development of 

consolidated ice cover, while increasing this section’s susceptibility to ice jam formation (Grześ, 1991; Kolerski, 2015; 430 

Pawłowski and Kolerski, 2022). In contrast, downstream of the dam, a marked decrease in river ice occurrence is observed for 

approximately 90 km along the river’s course (Pawłowski, 2009; Majewski, 2011; Gorączko, 2013; Pawłowski, 2017). These 

results indicate that reservoirs do not solely contribute to the disappearance of river ice phenomena but may also locally 

enhance their development through modifications to hydraulic conditions. 

The obtained results also demonstrate that anthropogenic pressure has a spatially varying effect that depends on the 435 

dominant type of impact. The strongest modifications of the ice regime occurred in the upper Vistula River, which is affected 

by both increased water temperature and high mineralization. In the river’s middle course, local thermal pollution sources 

associated with industrial and municipal activities dominated, whereas in the lower course, the operation of the Włocławek 

Reservoir and activities related to navigation maintenance, including icebreaking operations and industrial activity, were the 

most important. Consequently, anthropogenic pressure does not produce a uniform river system response but instead promotes 440 

diverse transformations of the ice regime, which vary depending on the type and intensity of local environmental modifications. 

The gradual decline of ice phenomena in the Vistula River may have long-term consequences for both the abiotic and biotic 

components of the river environment. Reduced ice occurrence alters flow hydraulics, affecting sediment transport, erosion, 

and deposition (Cheng et al., 2025). The disappearance of ice jams and mobile ice forms is particularly significant, as these 

phenomena strongly influence the spatial variability of morphogenetic processes and bank erosion. Consequently, a decrease 445 

in the frequency of river ice phenomena may reduce the importance of cryogenic processes in river channel evolution. Changes 

in the ice regime may also modify habitat conditions and the functioning of river ecosystems (Thellmann et al., 2021). The 
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presence of ice cover regulates light, thermal, and hydrodynamic conditions, which in turn influence biogeochemical processes 

and the functioning of microorganism and fish communities (Cruaud et al., 2020; Thellmann et al., 2021). Therefore, a shorter 

ice-covered period may lead to changes in the structure of biological communities and deterioration of overwintering 450 

conditions for aquatic organisms.  

Future research should focus on quantitatively assessing the relative influence of different factors on river ice regime 

transformations. This includes a numerical assessment of the relative contributions of overall climate warming and local 

anthropogenic factors, such as changes in the physicochemical properties of water, river channel regulation, reservoir 

operation, or the discharge of heated waters. Separating the effects of these factors is essential for reliably predicting future 455 

changes in river ice regimes. An equally important research direction is assessing the consequences of declining ice phenomena 

for river system functioning, including morphogenetic processes, habitat conditions, ecosystem functioning, and 

biogeochemical processes. A key issue is determining whether the observed disappearance of river ice leads to persistent 

changes in river ecosystem functions. Given the projected continuation of climate warming, this knowledge will be crucial for 

improving our understanding of river systems and for planning actions related to river conservation and water resource 460 

management. 

 

6. Limatations 

The hydrological data used in this study originate from more than seven decades of hydrological observations conducted across 

multiple research programs, carried out by various institutions at numerous hydrological stations. Although considerable effort 465 

was devoted to verifying the continuity of observations, digitizing historical yearbooks, and identifying missing records, time 

series from some stations remained incomplete, and the quality of the available data was often difficult to assess. To minimize 

this limitation, the long-term temporal analyses were restricted to stations with near-complete observation records, whereas 

the spatial analyses included all available stations. Accordingly, the study’s spatial coverage was maximized without 

compromising the reliability of long-term trend assessments. 470 

Landsat observations are inherently limited by revisit frequency, cloud cover, and the imagery’s spatial resolution. 

Consequently, short-lived and mobile ice phenomena may remain undetected, particularly under rapidly changing weather 

conditions. To minimize this limitation, the analysis focused on long-term mean values derived from multiple Landsat 

observations. The ice detection procedure applied to satellite imagery was based on an algorithm developed and 

comprehensively validated for the Vistula River (Fukś et al., 2026, in press). 475 

The influence of anthropogenic factors was assessed primarily based on the spatial correspondence between observed ice 

occurrence patterns and human impacts documented in previous studies. Therefore, this study identifies plausible mechanisms 

explaining spatial variability rather than quantitatively assessing the individual contribution of each anthropogenic factor. 

Future research based on both hydrological modelling and detailed field investigations may provide more detailed numerical 

insights into each factor’s relative importance. 480 
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Although the Vistula River represents a valuable model of a large Central European river, the magnitude of individual 

anthropogenic pressures may vary between river systems. However, the general relationship between climate warming and 

local human impacts identified in this study is expected to be relevant for many temperate-zone rivers undergoing similar 

environmental changes. 

Finally, although each dataset has inherent limitations, the integration of multiple independent data sources in this study 485 

substantially enhances the reliability of the identified relationships. The consistency between in situ observations, satellite-

derived ice cover data, and climatic trends suggests that the main conclusions are robust, as they do not depend solely on 

constraints from a single observational approach. 

 

7. Conclusions  490 

This study investigated the temporal and spatial patterns of river ice occurrence along the Vistula River, one of Europe’s 

longest rivers. Particular attention was given to identifying the factors controlling the observed changes, highlighting the highly 

complex processes that shape the river’s ice regime. The study’s main conclusions are as follows: 

 

1) From 1950 to 2025, the Vistula River basin experienced a significant transformation of winter climatic conditions, 495 

including a systematic increase in air temperature, shorter periods of sub-zero temperatures, and fewer freezing days. 

These changes led to a substantial water temperature increase and a reduction in the number of days with water 

temperatures suitable for ice formation, demonstrating a clear transfer of climatic signals from the atmosphere to the 

river. The results confirm that contemporary climate warming is the primary driver of the observed changes in the 

Vistula River’s ice regime. 500 

2) Between 1950 and 2025, the Vistula River’s ice regime changed significantly. In the mid-20th century, the river was 

characterized by a regularly occurring complete ice cycle; however, it now exhibits only sporadic and short-lived ice 

phenomena, which are entirely absent in some river sections. All analyzed cross-sections showed consistent changes, 

with shorter durations and reduced frequency and intensity of ice phenomena. The rate of these changes also varied 

significantly spatially, influenced by both regional environmental conditions and anthropogenic factors. On average, 505 

the number of days with river ice phenomena decreased by 6.2 days per decade. Furthermore, a river ice extent 

decrease of approximately 18 percentage points was observed in 2006–2025 compared with 1985–2005. 

3) The occurrence of river ice phenomena along the Vistula River shows marked spatial variability. The upper Vistula 

River is the most significantly altered section in terms of its ice regime, where mining, industrial activities, and the 

operation of hydraulic infrastructure have driven significant ice cover decreases and, in some areas, its complete 510 

disappearance. In contrast, the middle Vistula River exhibits the lowest level of anthropogenic modification, as 

indicated by the highest number of days with river ice phenomena. 

4) Human activities significantly influence river ice regimes. In most cases, anthropogenic factors such as mining and 

industrial activities, heated water discharge, river channel regulation, and hydraulic structures contribute to a reduced 
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ice cover extent and shorter periods of ice occurrence. However, these effects are not always unidirectional: 515 

hydrotechnical modifications may locally promote longer ice persistence, particularly upstream of reservoirs. The 

results suggest that anthropogenic effects on river ice regimes may be greater than previously assumed and should be 

more extensively considered alongside climate change when assessing changing ice conditions. 
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engine/datasets/catalog/ECMWF_ERA5_LAND_DAILY_AGGR (accessed: 7 July 2026). Contains modified Copernicus 
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subsequently by the Institute of Meteorology and Water Management (from 1971 onwards). These data were digitized 
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https://zenodo.org/records/20083432 (DOI: https://doi.org/10.5281/zenodo.20083432). 550 

 

References 

Achrem, E. and Gierszewski, P.: Zbiornik włocławski, Inspekcja Ochrony Środowiska, Bydgoszcz, Poland, ISBN 978-83-

7217-307-2, 2007. 

Barzantny, M., Kostowski, W., Nol, D., Żymełka, S., Kalina, J., and Stanek, W.: The Silesian paradox: using coal mines 555 

for district heating decarbonization – a case study on waste heat recovery from groundwater and ventilation air, Energy 

Convers. Manag. X, 27, 101166, https://doi.org/10.1016/j.ecmx.2025.101166, 2025. 

Bednorz, J.: The effect of political and economic transformation on the level of coal exploitation in the Upper Silesian Coal 

Basin before 1914, Biul. Państw. Inst. Geol., 448, 507–516, 2012. (in Polish) 

Belletti, B., Garcia de Leaniz, C., Jones, J., et al.: More than one million barriers fragment Europe’s rivers, Nature, 588, 560 

436–441, https://doi.org/10.1038/s41586-020-3005-2, 2020. 

Beltaos, S. and Prowse, T.: River-ice hydrology in a shrinking cryosphere, Hydrol. Process., 23(1), 122–144, 

https://doi.org/10.1002/hyp.7165, 2008. 

Brown, D. R., Brinkman, T. J., Verbyla, D. L., Brown, C. L., Cold, H. S., and Hollingsworth, T. N.: Changing river ice 

seasonality and impacts on interior Alaskan communities, Weather Clim. Soc., 10, 625–640, https://doi.org/10.1175/WCAS-565 

D-17-0101.1, 2018. 

Cebula, M., Ciężak, K., Mikołajczyk, Ł., Mikołajczyk, T., Nowak, M., Skowronek, D., Wawręty, R., and Żurek, R.: 

Wybrane aspekty środowiskowych skutków zrzutu wód pochłodniczych przez elektrownie termiczne z otwartym systemem 

chłodzenia. Raport z badań terenowych w latach 2019 i 2020, Towarzystwo na rzecz Ziemi, Oświęcim, Poland, ISBN 978-83-

60106-17-4, 2021. (in Polish) 570 

Chassiot, L., Lajeunesse, P., and Bernier, J. F.: Riverbank erosion in cold environments: review and outlook, Earth-Sci. 

Rev., 207, 103231, https://doi.org/10.1016/j.earscirev.2020.103231, 2020. 

Cheng, T., Wei, J., Ni, J., Wang, J., Lu, H., Cheng, K., and Fu, H.: The impact of ice on river morphology and hydraulic 

structures: a review, Water, 17(4), 480, https://doi.org/10.3390/w17040480, 2025. 

Crawford, C. J., Roy, D. P., Arab, S., Barnes, C., Vermote, E., Hulley, G., Gerace, A., Choate, M., Engebretson, C., 575 

Micijevic, E., Schmidt, G., Anderson, C., Anderson, M., Bouchard, M., Cook, B., Dittmeier, R., Howard, D., Jenkerson, C., 

Kim, M., Kleyians, T., Maiersperger, T., Mueller, C., Neigh, C., Owen, L., Page, B., Pahlevan, N., Rengarajan, R., Roger, J.-

C., Sayler, K., Scaramuzza, P., Skakun, S., Yan, L., Zhang, H. K., Zhu, Z., and Zahn, S.: The 50-year Landsat Collection 2 

archive, Sci. Remote Sens., 8, 100103, https://doi.org/10.1016/j.srs.2023.100103, 2023. 

Cruaud, P., Vigneron, A., Fradette, M.-S., Dorea, C. C., Culley, A. I., Rodriguez, M. J., and Charette, S. J.: Annual bacterial 580 

community cycle in a seasonally ice-covered river reflects environmental and climatic conditions, Limnol. Oceanogr., 65, 21–

37, https://doi.org/10.1002/lno.11130, 2020. 

https://doi.org/10.5194/egusphere-2026-6596
Preprint. Discussion started: 4 November 2026
c© Author(s) 2026. CC BY 4.0 License.



23 

 

Dong, B., Sutton, R. T., and Shaffrey, L.: Understanding the rapid summer warming and changes in temperature extremes 

since the mid-1990s over Western Europe, Clim. Dyn., 48, 1537–1554, https://doi.org/10.1007/s00382-016-3158-8, 2017. 

Fukś, M. and Wiejaczka, Ł.: Climatic determinants of changes in the ice regime of Carpathian rivers, Quaest. Geogr., 585 

44(1), 131–143, https://doi.org/10.14746/quageo-2025-0009, 2025a. 

Fukś, M. and Wiejaczka, Ł.: Temporal and spatial variability of ice cover occurrence on Carpathian rivers: a regional 

perspective, Hydrol. Earth Syst. Sci., 29, 3019–3035, https://doi.org/10.5194/hess-29-3019-2025, 2025b. 

Fukś, M., Kędra, M., and Wiejaczka, Ł.: Assessing the impact of climate change and reservoir operation on the thermal 

and ice regime of mountain rivers using the XGBoost model and wavelet analysis, Stoch. Environ. Res. Risk Assess., 38, 590 

4275–4294, https://doi.org/10.1007/s00477-024-02803-2, 2024. 

Fukś, M., Witkowski, K., and Thellman, A.: Remote sensing of river ice in morphodynamically complex river systems 

using Landsat imagery, Aquatic Sciences, in press, 2026. 

Fukś, M.: Assessment of the impact of dam reservoirs on river ice cover – an example from the Carpathians (central 

Europe), The Cryosphere, 18, 2509–2529, https://doi.org/10.5194/tc-18-2509-2024, 2024. 595 

Fukś, M.: Changes in river ice cover in the context of climate change and dam impacts: a review, Aquat. Sci., 85, 113, 

https://doi.org/10.1007/s00027-023-01011-4, 2023. 

Gajowiec, B. and Różkowski, J.: Charakterystyka stopnia zasolenia wód zlewni górnej Wisły, Geol. Quart., 32(3–4), 715–

728, 1988. 

Gorączko, M.: Variability of ice phenomena on the Vistula River in the vicinity of Bydgoszcz, Sci. Rev. Eng. Environ. 600 

Sci., 63, 382–388, 2013. 

Gorelick, N., Hancher, M., Dixon, M., Ilyushchenko, S., Thau, D., and More, R.: Google Earth Engine: planetary-scale 

geospatial analysis for everyone, Remote Sens. Environ., 202, 18–27, https://doi.org/10.1016/j.rse.2017.06.031, 2017. 

Grześ, M.: Ice jams and floods on the lower Vistula river: mechanism and processes, Instytut Geografii i Przestrzennego 

Zagospodarowania PAN, Warszawa, Poland, 1991. (in Polish) 605 

Habersack, H. and Bradley, C.: Hydropower in the Danube River Basin: current status and emerging challenges, in: 

Encyclopedia of Inland Waters, Vol. 4, Elsevier, 126–133, https://doi.org/10.1016/B978-0-12-819166-8.00195-X, 2022. 

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horányi, A., Muñoz-Sabater, J., Nicolas, J., Peubey, C., Radu, R., 

Schepers, D., Simmons, A., Soci, C., Abdalla, S., Abellan, X., Balsamo, G., Bechtold, P., Biavati, G., Bidlot, J., Bonavita, M., 

De Chiara, G., Dahlgren, P., Dee, D., Diamantakis, M., Dragani, R., Flemming, J., Forbes, R., Fuentes, M., Geer, A., 610 

Haimberger, L., Healy, S., Hogan, R. J., Hólm, E., Janisková, M., Keeley, S., Laloyaux, P., Lopez, P., Lupu, C., Radnoti, G., 

de Rosnay, P., Rozum, I., Vamborg, F., Villaume, S., and Thépaut, J. N.: The ERA5 global reanalysis, Q. J. R. Meteorol. Soc., 

146(730), 1999–2049, https://doi.org/10.1002/qj.3803, 2020. 

Hussain, M., Mahmud, I., and others: pyMannKendall: a python package for non parametric Mann Kendall family of trend 

tests, J. Open Source Softw., 4(39), 1556, https://doi.org/10.21105/joss.01556, 2019. 615 

https://doi.org/10.5194/egusphere-2026-6596
Preprint. Discussion started: 4 November 2026
c© Author(s) 2026. CC BY 4.0 License.



24 

 

Imrit, M. A., Yousaf, Z., and Sharma, S.: Quantifying the trends and drivers of ice thickness in lakes and rivers across 

North America, Water, 14(12), 1841, https://doi.org/10.3390/w14121841, 2022. 

Ionita, M., Badaluta, C. A., Scholz, P., and Chelcea, S.: Vanishing river ice cover in the lower part of the Danube basin – 

signs of a changing climate, Sci. Rep., 8, 7948, https://doi.org/10.1038/s41598-018-26357-w, 2018. 

Jakubiak, M. and Bojarski, B.: Impact of point source pollutants on the distribution of selected water parameters in the 620 

Vistula River in Puławy, Poland, J. https://doi.org/10.24425/jwld.2021.139014 Water Land Dev., 51, 50–55 2021. 

Janson, E.: Multi-decadal impact of mine waters in Przemsza River Basin, Upper Silesian Coal Basin, Southern Poland, 

Water, 16(21), 3147, https://doi.org/10.3390/w16213147, 2024. 

Jasek, M. and Pryse-Phillips, A.: Influence of the proposed Site C hydroelectric project on the ice regime of the Peace 

River, Can. J. Civ. Eng., 42(9), 645–655, https://doi.org/10.1139/cjce-2014-0425, 2015. 625 

Jiang, Y., Dong, W., Yang, S., and Ma, J.: Long-term changes in ice phenology of the Yellow River in the past decades, J. 

Clim., 21, 4879–4886, https://doi.org/10.1175/2008JCLI1872.1, 2008. 

Jurak, D. and Wisniewski, A.: Simple model of thermal pollution in rivers, IIASA Working Paper WP-89-066, International 

Institute for Applied Systems Analysis, Laxenburg, Austria, http://pure.iiasa.ac.at/id/eprint/3278/, 1989. 

Kasprzak, A., Juśko, K., and Motyka, J.: Changes of chloride and sulfates concentration in the Vistula river from the 630 

Goczałkowice reservoir to the Skawa river, Zesz. Nauk. Inst. Gospod. Surowcami Miner. Energ. PAN, 94, 197–204, 2016. (in 

Polish) 

Kolerski, T.: Ice cover progression due to flow regulation at the Włocławek Dam, Acta Sci. Pol. Formatio Circumiectus, 

14(1), 229–240, https://doi.org/10.15576/ASP.FC/2015.14.1.229, 2015. 

Lindenschmidt, K. E., Alfredsen, K., Carstensen, D., Choryński, A., Gustafsson, D., Halicki, M., Hentschel, B., 635 

Karjalainen, N., Kögel, M., Kolerski, T., Kornaś-Dynia, M., Kubicki, M., Kundzewicz, Z. W., Lauschke, C., Malinger, A., 

Marszelewski, W., Möldner, F., Näslund-Landenmark, B., Niedzielski, T., Parjanne, A., Pawłowski, B., Pińskwar, I., Remisz, 

J., Renner, M., Roers, M., Rybacki, M., Szałkiewicz, E., Szydłowski, M., Walusiak, G., Witek, M., Zagata, M., and Zdralewicz, 

M.: Assessing and mitigating ice-jam flood hazards and risks: a European perspective, Water, 15(1), 76, 

https://doi.org/10.3390/w15010076, 2023. 640 

Liu, S., Wang, P., Yu, J., Wang, T., Cai, H., Huang, Q., Pozdniakov, S. P., Zhang, Y., and Kazak, E. S.: Mechanisms 

behind the uneven increases in early, mid- and late winter streamflow across four Arctic river basins, J. Hydrol., 606, 127425, 

https://doi.org/10.1016/j.jhydrol.2021.127425, 2022. 

Liu, S., Xie, Z., Liu, B., Wang, Y., Gao, J., Zeng, Y., Xie, J., Xie, Z., Jia, B., Qin, P., Li, R., Wang, L., and Chen, S.: Global 

river water warming due to climate change and anthropogenic heat emission, Glob. Planet. Change, 193, 103289, 645 

https://doi.org/10.1016/j.gloplacha.2020.103289, 2020. 

Łajczak, A., Babiński, Z., Falkowski, T., Gierszewski, P., Habel, M., Plit, J., Soja, R., and Szmańda, J.: Współczesne 

przemiany rzeźby koryta i równiny zalewowej Wisły, in: Współczesne przemiany rzeźby Polski, edited by: Kostrzewski, A., 

https://doi.org/10.5194/egusphere-2026-6596
Preprint. Discussion started: 4 November 2026
c© Author(s) 2026. CC BY 4.0 License.



25 

 

Krzemień, K., Migoń, P., Starkel, L., Winowski, M., and Zwoliński, Z., Bogucki Wydawnictwo Naukowe, Poznań, Poland, 

https://doi.org/10.12657/9788379863822-11, 2021. (in Polish) 650 

Łajczak, A.: Termika i zlodzenie rzek, in: Dorzecze górnej Wisły, Part 1, edited by: Dynowska, I. and Maciejewski, M., 

Państwowe Wydawnictwo Naukowe, Warszawa, Poland, ISBN 83-01-10317-5, 1991. 

Majewski, W.: General characteristics of the Vistula and its basin, Acta Energetica, 2, 6–23, 

https://doi.org/10.52710/ae.333, 2013. 

Majewski, W.: Ice phenomena on the Lower Vistula, Geophysica, 47(1–2), 57–67, 2011. 655 

Maksymiak-Lach, H., Lach, R., and Caruk, M.: Impact of hard coal mining restructuring on surface water salinity in the 

Upper Vistula catchment area, Research Reports GIG Mininng and Environment, 91–106, 2006. (in Polish) 

Marsz, A. A. and Styszyńska, A.: Proces ocieplenia w Polsce – przebieg i przyczyny (1951–2018). Przejaw wewnętrznej 

dynamiki systemu klimatycznego czy proces antropogeniczny, Prace i Studia Geogr., 67(2), 51–82, 2022. (in Polish) 

Marszelewski, W. (Ed.): Zasoby i perspektywy gospodarowania wodą w dorzeczu Wisły, Vol. 4, Wydawnictwo Naukowe 660 

Uniwersytetu Mikołaja Kopernika, Toruń, Poland, ISBN 978-83-231-3943-0, 2017. (in Polish) 

Marszelewski, W. and Pawłowski, B.: Long-term changes in the course of ice phenomena on the Oder River along the 

Polish–German border, Water Resour. Manag., 33, 5107–5120, https://doi.org/10.1007/s11269-019-02417-2, 2019. 

Marszelewski, W. and Pius, B.: Thermal renaturation of rivers in the post-industrial age – an example of the Przemsza 

River basin (Poland), Sci. Total Environ., 770, 145207, https://doi.org/10.1016/j.scitotenv.2021.145207, 2021. 665 

Masson-Delmotte, V., Zhai, P., Pirani, A., Connors, S. L., Péan, C., Berger, S., Caud, N., Chen, Y., Goldfarb, L., Gomis, 

M. I., Huang, M., Leitzell, K., Lonnoy, E., Matthews, J. B. R., Maycock, T. K., Waterfield, T., Yelekçi, O., Yu, R., and Zhou, 

B. (Eds.): Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report 

of the Intergovernmental Panel on Climate Change, Cambridge University Press, Cambridge, UK, 

https://doi.org/10.1017/9781009157896, 2021. 670 

Motyka, J., Juśko, K., and Kasprzak, A.: Zmiany stężenia jonu chlorkowego w Wiśle w Krakowie, Prz. Geol., 63, 2015. 

(in Polish) 

Nabat, P., Somot, S., Mallet, M., Sanchez-Lorenzo, A., and Wild, M.: Contribution of anthropogenic sulfate aerosols to 

the changing Euro-Mediterranean climate since 1980, Geophys. Res. Lett., 41, 5605–5611, 

https://doi.org/10.1002/2014GL060798, 2014. 675 

Newton, A. M. W. and Mullan, D. J.: Climate change and Northern Hemisphere lake and river ice phenology from 1931–

2005, The Cryosphere, 15, 2211–2234, https://doi.org/10.5194/tc-15-2211-2021, 2021. 

Niemirycz, E.: The Vistula River of Poland: environmental characteristics and historical perspective, in: River Quality: 

Dynamics and Restoration, edited by: Dunnette, D. A. and Laenen, A., CRC Press, Boca Raton, FL, USA, 49–63, 

https://doi.org/10.1201/9780203740576, 1997. 680 

https://doi.org/10.5194/egusphere-2026-6596
Preprint. Discussion started: 4 November 2026
c© Author(s) 2026. CC BY 4.0 License.



26 

 

Nowak, M., Mikołajczyk, T., Mikołajczyk, Ł., Janik-Superson, K., Jeziorski, S., Krawczyk, D., and Wawręty, R.: An 

alarming picture of larval fish assemblages entrained into the cooling system of the Kozienice Power Plant (Poland) revealed 

by DNA metabarcoding, Knowl. Manag. Aquat. Ecosyst., 424, 27, https://doi.org/10.1051/kmae/2023023, 2023. 

Pawłowski, B. and Kolerski, T.: Ice jam on the Vistula River in Płock in February 2021, Gosp. Wod., 

https://doi.org/10.15199/22.2022.5.1, 2022. 685 

Pawłowski, B.: Determinants of change in the duration of ice phenomena on the Vistula River in Toruń, J. Hydrol. 

Hydromech., 63(2), 145–153, https://doi.org/10.1515/johh-2015-0017, 2015. 

Pawłowski, B.: Long-term variability in the course of ice phenomena on the Vistula River in Toruń, Bull. Geogr. Phys. 

Geogr. Ser., 1, 91–102., https://doi.org/10.2478/2300, 2009. 

Pawłowski, B.: Przebieg zjawisk lodowych dolnej Wisły w latach 1960–2014, Wydawnictwo Naukowe Uniwersytetu 690 

Mikołaja Kopernika, Toruń, Poland, ISBN 978-83-231-3885-3, 2017. (in Polish) 

Pekel, J.-F., Cottam, A., Gorelick, N., and Belward, A. S.: High-resolution mapping of global surface water and its long-

term changes, Nature, 540, 418–422, https://doi.org/10.1038/nature20584, 2016. 

Popek, Z. and Falkowski, T.: Tendency of ice phenomena characteristic changes on the Middle Vistula River reach in last 

50 years period, Scientific Review Faculty of Engineering and Environmental Sciences Warsaw Agricultural Univeristy., 19, 695 

207–225, ISBN 83-7244-184-7, 2000. (in Polish) 

Ranzi, R., Colosio, P., and Galeati, G.: Climatology of snow depth and water equivalent measurements in the Italian Alps 

(1967–2020), Hydrol. Earth Syst. Sci., 28, 2555–2578, https://doi.org/10.5194/hess-28-2555-2024, 2024. 

Rottler, E., Francke, T., Bürger, G., and Bronstert, A.: Long-term changes in central European river discharge for 1869–

2016: impact of changing snow covers, reservoir constructions and an intensified hydrological cycle, Hydrol. Earth Syst. Sci., 700 

24, 1721–1740, https://doi.org/10.5194/hess-24-1721-2020, 2020. 

Salwinski, M. and Szatko, E.: Changes of pollutant transfer in water of Wilga, river between 1991-1994 and in 1998., Prz. 

Nauk. Wydz. Melior. Inż. Środow., 16, 254–261, 1998. (in Polish) 

Salwiński, M. and Szatko, E.: Changes of pollutant transfer in water of Wilga River between 1991–1994 and in 1998, Prz. 

Nauk. Wydz. Melior. Inż. Środ., 16, 254–261, 1998. 705 

Starkel, L.: Evolution of the Vistula river valley since the last glaciation till present, Monografie Instytutu Geografii i 

Przestrzennego Zagospodarowania PAN im. Stanisława Leszczyckiego, Instytut Geografii i Przestrzennego 

Zagospodarowania PAN, Warszawa, Poland, 2001. (in Polish) 

Szczerbińska, A. and Siwek, J.: Trends of changes in the occurrence of ice phenomena on rivers in the upper Vistula river 

basin (Carpathians, Poland), J. Hydrol. Reg. Stud., 61, 102710, https://doi.org/10.1016/j.ejrh.2025.102710, 2025. 710 

Szczerbińska, A.: Zmienność zjawisk lodowych w dorzeczu górnej Wisły, PhD thesis, Institute of Geography and Spatial 

Management, Jagiellonian University, Kraków, Poland, 2023. 

Takács, K., Kern, Z., and Nagy, B.: Impacts of anthropogenic effects on river ice regime: examples from Eastern Central 

Europe, Quat. Int., 293, 275–282, https://doi.org/10.1016/j.quaint.2012.12.010, 2013. 

https://doi.org/10.5194/egusphere-2026-6596
Preprint. Discussion started: 4 November 2026
c© Author(s) 2026. CC BY 4.0 License.



27 

 

Thellman, A., Jankowski, K. J., Hayden, B., Yang, X., Dolan, W., Smits, A. P., and O'Sullivan, A. M.: The ecology of 715 

river ice, J. Geophys. Res.-Biogeo., 126, e2021JG006275, https://doi.org/10.1029/2021JG006275, 2021. 

Twardosz, R., Walanus, A., and Guzik, I.: Warming in Europe: recent trends in annual and seasonal temperatures, Pure 

Appl. Geophys., 178, 4021–4032, https://doi.org/10.1007/s00024-021-02860-6, 2021. 

Vuglinsky, V. and Valatin, D.: Changes in ice cover duration and maximum ice thickness for rivers and lakes in the Asian 

part of Russia, Nat. Resour., 9, 73–87, https://doi.org/10.4236/nr.2018.93006, 2018. 720 

Vuglinsky, V.: Assessment of changes in ice regime characteristics of Russian lakes and rivers under current climate 

conditions, Nat. Resour., 8, 416–431, https://doi.org/10.4236/nr.2017.86027, 2017. 

Yang, X., Pavelsky, T. M., and Allen, G. H.: The past and future of global river ice, Nature, 577, 69–73, 

https://doi.org/10.1038/s41586-019-1848-1, 2020. 

Zhu, Z. and Woodcock, C. E.: Object-based cloud and cloud shadow detection in Landsat imagery, Remote Sens. Environ., 725 

118, 83–94, https://doi.org/10.1016/j.rse.2011.10.028, 2012. 

Soja, R. and Wiejaczka, Ł.: The impact of a reservoir on the physicochemical properties of water in a mountain river, Water 

Environ. J., 28(4), 473–482, https://doi.org/10.1111/wej.12059, 2014. 

 

 730 

 

https://doi.org/10.5194/egusphere-2026-6596
Preprint. Discussion started: 4 November 2026
c© Author(s) 2026. CC BY 4.0 License.


