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Abstract: Winter season temperatures are becoming warmer. However, the transformation of the ice regime on the Vis-
tula River in Toruń has also been affected by river engineering. In particular, the construction and operation of the 
Włocławek Dam had a significant impact on ice processes. The article presents the results of an analysis determining the 
contribution of natural and anthropogenic factors to the duration of ice phenomena and ice cover on the Vistula River in 
the city of Toruń. Compared to the end of the nineteenth century, there has been a reduction in the duration of ice phe-
nomena from 88 to 53 days and of ice cover from 40 to 7 days (in the period of 1882–2011). The article compares the 
duration of ice cover and winter temperature in three different periods: before the completion of river engineering works 
(1882–1907); for the controlled river (1908–1969), and for the controlled river with the Włocławek Dam upstream of 
Toruń (1970–2011). The results showed a significant role of these anthropogenic factors in the changes of the ice cover 
duration on the Vistula River in Toruń. 
 
Keywords: Ice phenomena; Vistula River; Natural factor; Human impact. 

 
INTRODUCTION 

 
Ice is present during a part of the year on many rivers of cold 

and temperate regions of the globe. Though largely ignored in 
hydrological literature, river ice has serious hydrologic impacts, 
including extreme flood events caused by ice jams, interference 
with transportation and energy production, low winter flows and 
associated ecological and water quality consequences. A 
significant number of the rivers in the Northern Hemisphere are 
annually affected by river ice. Two economic sectors that are 
most likely to be affected by climate-induced changes in river 
ice are transportation and hydropower generation where ice 
creates a host of difficulties for the operation of hydropower 
facilities (Prowse and Beltaos, 2002).  

Over the past 150 years, significant global temperature 
change has been observed. In Germany, the mean temperature 
at 266 climate stations rose by 0.9°C from 1951 to 2006 (Hat-
termann et al., 2013). In particular, warming has affected the 
winter half-year in the northern hemisphere. Land regions have 
warmed faster than the oceans (http://www.ipcc.ch/ publica-
tions_and_data/ar4/syr/en/spms1.html). The changing tempera-
ture of the winter season is accompanied by changes in the ice 
regime of rivers and lakes. Ice cover is one of the most im-
portant factors indicating winter temperature changes (Mag-
nuson et al., 2000; Marszelewski and Skowron, 2006). The 
duration of ice cover in rivers in the Baltic region has declined 
from 27.4 to 19 days during the past 30 years as a function of 
meteorological conditions and global climate change (Klavins et 
al., 2009). These changes confirm the strong connection be-
tween the period of ice cover, the duration of ice phenomena, 
the mean value of air temperature in the winter season and the 
NDD (Negative Degree Day – the total of all average daily 
negative air temperatures recorded in the winter season – or so-
called cold sum). River ice regimes have been observed to be 
related with the North Atlantic Oscillation – NAO (Hurrell, 
1995). A trend towards shortening of the period of ice cover is 
not common throughout the entire northern hemisphere. Rus-
sian authors have found that the period of ice cover remains 
unchanged on rivers where the average elevation of the catch-

ment exceeds 1500 m above sea level. This phenomenon was 
observed in the second half of the twentieth century in the upper 
part of the Yenisei basin (Paromov and Shantykowa, 2010). 
Earlier occurrence of autumn freezing and increase in the dura-
tion of ice cover (1930–1990) was found for some of the rivers 
of eastern Siberia (Smith, 2000). This applies, of course, to rivers 
where there is no influence of factors related to human activity.  

Anthropogenic effects on rivers, including river engineering, 
hydropower use, and water pollution, not only change bed mor-
phology and/or water quality but also affect the river ice regime. 
The length of the ice-affected season and the relative frequency 
of ice appearance might change due to anthropogenic activities. 
Moreover, anthropogenically induced changes may vastly ex-
ceed climatic effects. Anthropogenic impacts could exaggerate 
or hide natural trends in the river ice regime if they operate 
either in the same or opposite direction as the natural forces. 
Temperature rise alone is able to cause changes in river ice 
regime, but some studies highlight that anthropogenic interven-
tions interfered with climatic triggers and significantly modified 
river ice regimes. The corresponding rising trend in winter air 
temperature and decreasing trend of river ice phenomena might 
lead to false conclusions (Takács et al., 2012).  

The first observations of the water condition and ice cover on 
the Vistula River (Poland) were made before the official hydro-
logical service was established in the nineteenth century. The 
most important studies of the conditions and space-time diversi-
ty of ice season effects on the Vistula River include works by 
Lambor (1959), Gołek (1964), Majewski (1987) and Grześ 
(1991). The data shows that there have been spectacular chang-
es in the duration of ice phenomena and ice cover in Toruń 
since the 19th century (Table 1).  

The average decrease in the parameters of ice phenonema of 
the Vistula River in Toruń given in Table 1 are typical of the 
rivers and lakes of the northern hemisphere (Kuusisto and Elo, 
1998; Yoo and D’Odorico, 2002). According to Magnuson et al. 
(2000), over the last 150 years the start date of the ice cover 
build-up for rivers (e.g. the Mackenzie and Angara) and lakes 
(e.g. Lake Suva) has been delayed by 5.8 days/100 years, on 
average, whereas the date of disappearance of ice phenomena 
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Table 1. Changes in selected parameters for ice seasons on the 
Vistula River in Toruń (Pawłowski, 2009); DIC is the total number 
of days with the river covered by ice during a winter season; DIP is 
the total number of days with any form of ice on the river (border 
ice, frazil pans, ice cover, ice floe); the description of various ice 
forms is given in following paragraphs. 
 

Parameter 
(ice phenomena: 1861–2003, ice cover:  1814–
2003) 

Change 
(days/100 years) 

Duration of the ice phenomena (DIP) –34 
Start date 19 
End date –11 
Duration of the ice cover (DIC) –39 
Start date 13 
End date –8 

 
has been 6.5 days/100 years earlier than previously. The main 
reason for this is the increase of the annual mean air 
temperature, estimated at 1.2°C/100 years, on average, which is 
particularly apparent in the cold half-year.  

Change in the duration of the ice cover in Toruń given in Ta-
ble 1 is much greater than in other rivers and lakes reported 
above. We believe that the ice regime of the Vistula River in 
Toruń has changed as a result of both natural processes (such as 
climate change) and anthropogenic processes. Therefore, the 
objective of this work was to study the air temperature-river ice 
duration relationship and the influence of anthropogenic factors 
on this relationship on a Vistula River in Toruń. The study is 
based on a long data series (1882–2011).  
 
STUDY AREA  
 

Toruń is located on the Lower Vistula, on the 735th kilometre 
of the river. River basin area covers 181 033 km2, average river 
discharge in Toruń is about 900 m3. Along the entire reach of the 
Lower Vistula River, the maximum water levels are the result of  
 

ice jam flood events. The levels have been confirmed with flood 
marks (Grześ and Pawłowski, 2012). In Toruń, there was a 
series of catastrophic floods of this type from the fourteenth to 
the nineteenth century (Cyberski et al., 2006). According to 
Mikulski (1965), Toruń has the oldest existing water level rec-
ords, dating back to the years 1760–1772. The ice seasons there 
are said to have been examined as early as in the 1720s. River 
ice regime observations have a longer history on River Daugava 
(Latwia) where recording started in 1530 (Klavins et al., 2009). 
Ice conditions can be very different in different locations, even 
a short distance upstream or downstream from any given loca-
tion. Therefore, assessments should be conducted on data from 
river stations that have not been relocated over their period of 
record (Hodgkins et al., 2005). 

The exact date of the use of the first river gauge in Toruń is 
not known. Apparently, in the eighteenth century, a gauging 
station was placed on a bridge joining Mostowa Street with 
Bazarowa Island on the left bank of the river. In 1898 the river 
gauge was mounted in the place where it is today (Fig. 1). It has 
always been within the proper centre of the city (Pawłowski, 2009). 
 
Ice cover development 
 

Ice cover on the Lower Vistula River is formed by the frontal 
progression of mobile forms of ice, so-called frazil pancakes 
(also visible in Fig. 1C). In the progression phase of the ice 
cover, there is also border ice and ice bars in shallow parts of 
the riverbed. Anchor ice is an accumulation of spongy ice or 
slush adhering to the rocks of a river bed. The rise in water level 
in the river usually starts in late evening or early morning when 
the ice begins to form and adheres to the rocks. By late morn-
ing, the sun typically warms the river bed sufficiently to release 
the ice and the water level starts to drop. Surface ice normally 
forms first along the edges of a river. The ice sheet then builds 
out from the shore and eventually forms an ice sheet across the 
entire river (Hodgkins et al., 2005). The generation of frazil 
during freeze-up is an important ice production process that leads 

 

 
 
Fig. 1. The location of Toruń within Poland (A), the Vistula River in Toruń (B) and ice cover on 25th January 1996 (C), with the location of 
the gauging station (1). Photo by B. Pawłowski. 



Determinants of change in the duration of ice phenomena on the Vistula River in Toruń 

147 

 

to the formation of an ice cover. In regulated rivers, where 
longitudinal gradients in water temperature exist, this phenome-
non gives rise to the typical ice production sequence: frazil 
discs - frazil flocs - ice pans - solid ice with frazil accumulation. 
Ice floes are the primary building block of a stable ice cover 
(Anders, 1995). There is still some controversy about the crea-
tion of ice nuclei in rivers. The formation of frazil floes is one 
of the least well described processes. Frazil crystals conglomer-
ate and continue to grow until they form ice pans of one to 
several meters diameter. In general, ice floes are oval in shape 
and possess a fringe of crushed ice on their rims, which proba-
bly originates from collisions between individual ice pans. The 
ice pans float down-river, while being subject to collisions with 
each other and occasional breaking-up as a consequence. If a 
river offers some natural or man-made obstruction for the drift, 
advected ice pans become blocked and the juxtaposed ice cover 
grows upriver against the flow direction of the river (Boehrer et 
al., 2004). Drift ice and juxtaposed ice covers have been known 
from other rivers, e.g. the North American and Central and 
North European rivers (St. Lawrence River, lower Missouri, 
Elbe, Odra, Danube). Juxtaposition may also be influenced by 
ice concentration and flow speed. Grześ and Pawłowski (2012) 
reported the Vistula River ice cover frontal upriver progression 
speeds of 10-35 km/day; similar values have been listed by 
other authors (e.g. Michel, 1971). The natural breakdown of the 
ice cover initiates the spring snowmelt high water, and may be 
accompanied by ice jams. On the basis of the historical material 
and the results of contemporary observations, it has been shown 
that ice jams and the floods caused by them, despite their transi-
tory character, have been an important and, as yet, poorly 
known element of the hydrological regime of the Lower Vistula 
(Cyberski et al., 2006). The complexity of the causes of their 
origin, the complicated mechanisms of their formation and 
break-up, the short duration of their existence, as well as other 
characteristics make them difficult to study (Grześ, 1991). 
 
Anthropogenic factors   

 
From 1882 until 2011, changes in the ice phenomena on the 

Vistula River in Toruń were driven by two major anthropogenic 
factors: river control, and the construction of the Włocławek 
Dam. 

 
Control of the lower Vistula River 
 

Transverse profiles of the non-controlled riverbed are irregu-
lar and shallow. Drops in the longitudinal profile and sandbars  
 
 

disturb and hinder the ice flow. To avoid these problems, the 
riverbed should have stable cross-sections at characteristic water 
levels and mild bends. In order to achieve these objectives, river 
engineering is designed to concentrate the current, stabilise the 
riverbanks and straighten sharp curves in the riverbed. River regu-
lation changes the morphological parameters of the river bed: 
the aim is to create better navigational conditions and stream 
gradient to prevent river ice congestion. The result of river 
training should be to reduce the duration of ice-covered season 
and also to lessen the frequency of freeze-up occurrence. The 
main purpose of the work conducted on the Vistula River in Toruń 
was to reduce the risk of ice jam flooding. 

The first instance of human influence on the stretch of the 
Vistula River in Toruń was an attempt to control the river in the 
territory annexed by Prussia in the second half of the 19th cen-
tury. Intense works started after 1880 and were completed 
around 1892. A number of supplementary structures were also 
constructed, which were finished in 1907. The riverbed width 
was set at 375 m and the depth at an average of 1.67 m for the 
low water level (Makowski, 1998). The riverbed of the Lower 
Vistula River along the stretch between Silno and the mouth 
(941.5 km) was stabilised by more than 2,900 groins (Fig. 2). 

After the work was completed, the area of the water table 
gradually dropped. Moreover, ice production (and therefore the 
potential amount of ice which could be involved in an ice jam) 
was also reduced. The higher flow rate also hindered the for-
mation of frazil (on the frontal ice cover progression), and 
shortened the decay phase of the ice cover. The increased depth 
of the now-controlled riverbed reduces the likelihood of ice 
bridges forming, which may contribute to relative frequency of 
freeze-up. 

According to a study conducted by the Department of Hy-
drology and Water Management of the Nicolaus Copernicus 
University (DH&WM NCU) in Toruń, the controlled section of 
the riverbed fills with ice and frazil ice to a lesser degree, and 
ice jams occur several times less often than in the non-
controlled section of the river (Grześ and Pawłowski, 2012). 
 
Construction of the Włocławek Dam 
 

Not only the regulation works, but also hydropower produc-
tion changes the features of the river bed and the ice regime. 
Upstream of the barrage, the flow conditions are changed: the 
flow velocity and turbulence are low. This is favourable for 
river ice appearance and freeze-up. Downstream of the dam, 
turbulence and flow velocity increase, and this hinders ice ap-
pearance. Furthermore, at low water stages in winter drift-ice is  

 

 
 
Fig. 2. The Vistula Riverbed in Toruń region during river engineering (from the archive DH&WM NCU). 
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restrained so ice-free water may flow through the turbines, and 
there is only local ice formation (Horváth, 1960). Since the 
1970s, the Vistula River has been largely influenced by the 
Włocławek Dam. Water reserevoir formed by the Włocławek 
Dam is the largest artificial reservoir in Poland by its area (70.4 
km2) and the second largest by its capacity (387.2 million m3). 
It is 59 km long and has an average width of 1.2 km. Water 
from the reservoirs is used in the largest hydroelectric power 
station in the country (capacity 160.2 MW). The reservoir does 
not play a significant role as a retention reservoir against flood-
ing, and is the only existing part of the planned Lower Vistula 
River Cascade. The bed scour that has developed downstream 
of the dam presently reaches Toruń. Peak demand from the 
power plant triggers short-term variations in the water dis-
charge; hourly fluctuations reach 160 km down the river 
(Babiński and Habel, 2013). Variations in the water level hinder 
the formation of ice cover and may lead to breakup of the ice 
cover and ice run (e.g. from border ice), resulting in down-
stream ice jams. Additionally, the areas adjacent to the upstream 
section of the reservoir are exposed to flooding due to ice jams 
(Grześ, 1991). Both the reservoir and the dam hold most of the 
debris and suspended matter, as well as the ice flowing down 
the river. According to Lambor (1959), the suspended matter is 
a factor in the build-up of frazil ice, as it supplies nuclei for the 
crystallisation of ice formed in the river’s currents, in the pro-
gression phase of the ice cover development. As a consequence 
of the Włocławek Dam flowing frazil ice can be observed more 
rarely in Toruń. 

 
DATA SERIES AND METHODS 
 

This study uses data series for DIP and DIC (definitions in Ta-
ble 1) for the Vistula River in Toruń, obtained mainly from the 
Institute of Meteorology and Water Management (IMiGW), for 
the period 1882–2011 (Fig. 3). Monthly air temperature data for 
Toruń, covering the period 1881–2005 (Przybylak et al., 2012) 
is also used. Data for 2006–2011 was supplemented with data 
from the public database available at <www.tutiempo.net>. 
Temperature of the winter season (TWS) was calculated as an 
average of the three-month means from December to February 
and is labeled DJF in this study (Kundzewicz and Huang, 
2010). The last characteristic used in the study is duration of ice 
pans (IP), i.e. the total number of days with frazil and ice pan 
drift.The aim of the study was to identify the contribution of  
 

individual factors to change in the ice regime of the Vistula 
River in Toruń and determine their impact on the duration of 
DIP and DIC. Increasing average winter temperature suggests 
that the occurrence of ice phenomena would be expected to 
decrease. To exclude the effect of rising air temperature and to 
see the potential effect of the particular anthropogenic impacts, 
the ice regime of years with similar winter thermal forcing (i.e. 
similar mean winter air temperature) before and after the inci-
dence of the corresponding non-natural impact should be com-
pared (Takács et al., 2012). The study was made for three peri-
ods of different hydrodynamic conditions in the Vistula River:  

1882–1907 (Period 1); prior to completing river engineering 
and shaping a new riverbed  

1908–1969 (Period 2); controlled river before the construc-
tion of the Włocławek Dam  

1970–2011 (Period 3); controlled river after the construction 
of the Włocławek Dam 

Analysis of variance was performed to evaluate whether the 
DIP and DIC in the studied periods are statistically similar or 
significantly different. ANOVA is a parametric method for 
means comparison of several groups. If the p-value is larger 
than the significance level (0.05), rejection of the the null hy-
pothesis fails because there is not enough evidence to conclude 
that the population means are different. 

To test the effects of river engineering and Włocławek Dam 
on the Vistula river ice regime in Toruń, 12 winters from each 
period were selected manually. 

The average number of ice-covered (DIC) and ice-affected 
days (DIP) and the incidence rate of ice-cover and river ice ap-
pearance were calculated for each period, and the results were 
compared. The correlation between the ice occurrence (DIP and 
DIC) and TWS was established. Appointed mathematical relations 
between winter season temperature and duration of ice phenom-
ena and ice cover were used to calculate DIP and DIC for the 
value of the temperature TWS = –2°C (for cold winter season) 
and TWS = 0°C (warm winter season). 

Icebreaking activity has been carried out on the Vistula River 
since the end of the nineteenth century. It begins at the river 
mouth, so that the ice floe can easily float to the sea (Wrycza, 
1998). As a result of icebreaking, the natural ice cover duration is 
reduced. Icebreaking operations were conducted on the Vistula 
River in Toruń on several occasions during the analysed period 
(for example, in March 1996). The data on DIC for these seasons 
were omitted when determining the correlation with TWS. 

 

 
 
Fig. 3. Variations of the: 1- TWS  - winter season temperature (1882–2011), 2 - DIP - duration of ice phenomena (1861–2011), 3 - DIC - 
duration of ice cover (1815–2011) on the Vistula River in Toruń in five-year moving averages. For TWS a linear trend line is added. 
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RESULTS 
 

Selected winters, with a mean temperature between –4.3 and 
1ºC are shown in Table 2. 

Analysis of variance (ANOVA) was performed (Table 3). 
ANOVA confirmed significant differences in the course DIC 

and DIP between analysed periods. This is specially true for 
DIP, less so for DIC. 

Duration of ice phenomena during the study period 
decreased from the maximum of 136 days in 1909 to just 2 days 
in 2007, while ice cover decreased from 100 days (1964) to 
seasons without any ice cover (Fig. 3). Until a few dozen years 
ago, ice cover was frequently seen on the Vistula River in Toruń 
(Pawłowski, 2009). 

 

In each of the three periods, a different relation between the 
duration of the ice phenomena (and ice cover) with the winter 
season temperature was determined (Fig. 4).  

Average duration of ice phenomena and ice cover for all pe-
riods and the duration calculated from the formulas given in 
Figure 4 are summarised in Table 4. 

In the years 1882–1907 (Period 1), prior to completing river 
engineering and shaping a new riverbed, ice phenomena and ice 
cover in Toruń lasted longest (Fig. 4A). In the selected winters 
the average DIP value was 88 days and 40 days for DIC. Within 
26 years, in Toruń there were five winter seasons recorded 
without ice cover. In the 12 selected winters ice cover occurred 
in 9 winters. 

 

Table 2. Characteristics of selected winters in Toruń. 
 

Period 1 (1882–1907) Period 2 (1908–1969) Period 3 (1970–2011) 
Years TWS DIP DIC Years TWS DIP DIC Years TWS DIP DIC 
1907 –4,3 112 76 1924 –4,2 109 88 1987 –4,3 92 41 
1897 –3,6 104 88 1917 –3,6 104 55 2003 –3,7 68 0 
1889 –3,1 120 80 1912 –3,2 74 49 1982 –3,1 83 0 
1883 –2,1 127 85 1960 –2,1 95 51 1997 –2,1 65 38 
1887 –2 91 44 1945 –2 69 52 1980 –1,9 66 0 
1894 –1,4 66 33 1968 –1,4 76 5 1976 –1,3 80 0 
1885 –0,7 88 45 1951 –0,8 71 12 2009 –0,9 28 0 
1906 –0,5 70 13 1959 –0,5 63 0 1984 –0,4 28 0 
1902 –0,2 68 0 1923 –0,1 65 0 1993 0 44 0 
1882 0,2 77 12 1914 0,2 62 0 1973 0,1 40 0 
1898 0,3 86 0 1944 0,3 91 0 1974 0,2 35 0 
1884 1 41 0 1930 0,9 31 0 1988 1 12 0 

M –1,367 87,5 39,7  –1,375 75,8 26,0  –1,367 53,4 6,6 
SD 1,6768 25,091 35,196  1,6614 21,421 30,943  1,682 25,568 15,389 

 
Table 3. Analysis of variance (ANOVA) for checked parameters. 
 

Parameter Source of Variation SS df MS F p-value F crit 

DIP 

Between Groups 7201,167 2 3600,5 6,2003 0,0052 3,2849

Within Groups 19163,58 33 580,71    

Total 26364,75 35     

DIC 

Between Groups 6633,167 2 3316,5 4,0894 0,0259 3,2849

Within Groups 26763,58 33 811,02    

Total 33396,75 35     
 
Explanations: SS - sums of squares, df - degrees of freedom, MS - mean square, F - test of equality of variances (the explained variance/the 
unexplained variance), p-value - the probability of obtaining the observed sample results when the null hypothesis is actually true, F crit - 
the critical value as extracted from the f-distribution. 

 
Table 4. Average duration of ice phenomena and ice cover (days) and calculated for the value of the temperature TWS = –2°C and TWS = 
0°C. 
 

 Period 1 
(1882–1907) 

Period 2 
(1908–1969) 

Period 3 
(1970–2011) 

 –2ºC Average 0ºC –2ºC Average 0ºC –2ºC Average 0ºC 
DIP 95 88 100% 72 82 76 86% 63 62 53 60% 36 
DIC 53 40 100% 14 37 26 65% 2 10 7 18% 0 
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Fig. 4. Relation between the winter season air temperature (TWS) and the analysed parameters in the years: A – 1882–1907, B – 1908–1969, 
C – 1970–2011. 

 
The second period of 1908–1969 includes the controlled riv-

er, but before the construction of the Włocławek Dam (Fig. 4B). 
In the selected winters the average DIP value was 76 days and 
26 days for DIC. Within 62 years, 23 winter seasons without ice 
cover were recorded in Toruń. The increase in the number of 
such cases was mainly the result of the deeper river channel and 
the faster flow rate. In the selected winters ice cover occurred in 
7 season. 

The third analysed period (1970–2011) covers the time from 
the construction of the Włocławek Dam to the present (Fig. 4C). 
The average value was 53 days for DIP and 7 days for DIC in the 
selected winters. Within 43 years, 33 winter seasons without ice 
cover were recorded in Toruń. In the selected winters ice cover 
occurred only in 2 season. 

As can be concluded from the data, the impact of river engi-
neering and the Włocławek Dam can differ in terms of their 
intensity and mean winter temperature TWS. For DIP, the impact 
of river engineering on both cold winter seasons (TWS = –2°C), 
and warm winter seasons (TWS = 0°C), shows a similar shorten-
ing of their duration (13 days and 9 days, about 13% for both of 
parameters) compared to the situation before the regulation. In 
cold seasons, river engineering reduces DIC by 16 days (30%). 
The reduction reached 12 days (86%) in warm winter condi-
tions. The construction of the Włocławek Dam in 1970 resulted 
in further shortening of the duration of ice phenomena. DIP in 
the cold winter seasons was shortened by 20 days (24%), and in 
the winter seasons with warm temperature conditions, by up to 
27 days (43%) compared to the baseline values before 
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Włocławek Dam construction. After 1970, a greater change in 
DIC was observed, by 27 days (73%) for cold TWS conditions. 
Winter season with warm TWS conditions, are always without 
ice cover occurrence. Decreases in the average ice phenomena 
and ice cover duration are summarized in Figure 5. 

Comparing the DIP and DIC in Toruń of the late nineteenth 
century and at present, DIP can be seen to have been shortened 
by nearly half, and DIC almost six-fold. As shown in Figure 5, 
the construction of the Dam seems to have had a stronger im-
pact on the analysed parameters.  

The analysis of the number of days with ice pans (frazil) 
showed that IP did not change significantly between the first 
and second period and lasted on the average about 44 days. 
After construction of the Włocławek Dam (third period), IP has 
decreased to 41 days in the selected winters. 
 
DISCUSSION 

 
River ice occurrence and the amount of drift-ice are directly 

controlled by air temperature. For freeze-up, the role of the 
morphological parameters of the river bed is also important 
(Horváth, 1960). River-ice formation and breakup are also in-
fluenced by water discharge, temperature and local hydraulic 
conditions (Beltaos, 1997). The relation between TWS (Decem-
ber–March) and ice cover in the period 1961–2000 for the lakes 
located in the northern part of the Polish Lowland were presented 
by Marszelewski and Skowron (2006). The obtained trend lines 
indicate that the currently observed course of ice phenomena is, in 
the case of several of the analysed lakes, close to the course of the 
Vistula River ice cover in the late nineteenth and early twentieth 
century. 

The first analysed period (1882–1907) to which DIP and DIC 
were compared in later periods, contained some years during 
ongoing river engineering works. No TWS data was available for 
the period before 1882. The existing series of DIP data (since 
1861) and DIC data (since 1814) has already been the subject of 
studies (Pawłowski, 2009). On the basis of these results it can be 
concluded that the impact of the control of the river on the short-
ening of both ice phenomena and ice cover duration in Toruń 
could have been somewhat greater than presented in this article. It 
results also from data presented in Figure 3, where already after  
 

1860 DIC decreased. Since the completion of the river control 
work, sandy shoals move along the riverbed at an average speed 
of several hundred meters per year. They cause frequent chang-
es in the transverse shape of the river and greatly hinder water 
transport (Babiński and Habel, 2013). Shallow places in the 
riverbed (leading to ice bridges) can also initiate the progression 
of frontal ice cover. 

The construction of the Włocławek Dam significantly re-
duced the number of days with frazil ice run. As already men-
tioned, this has to do with the retention of a large part of the 
suspension carried by the river in the reservoir. This type of 
influence of the reservoir on the ice cover is also visible in the 
river reach below Toruń. Similar changes of the DIP after 1970 
were also recorded by Gorączko (2013) in Fordon, over 40 km 
downstream of Toruń. At present, the relationships beetwen ice 
cover duration and winter season temperature are not strong on 
the Vistula River in Toruń, 59 km below the Włocławek Dam. 
Ice cover occurrence and duration in the third analysed period 
(1970–2011) did not result only from the course of Tws (R2 = 
0,271, Fig. 4C). The Włoclawek Dam has a predominant role. 
Ice phenomena and ice cover duration has shortened significant-
ly in this period: by 30% (from 76 to 53 days) a and by 73% 
(from 26 to 7 days), respectively. 

River engineering impact on the ice regime was analysed on 
the Danube River in Budapest by Takács et al., (2012); there 
similar results were obtained. The engineering works on both 
the Vistula and Danube Rivers were conducted and finished at a 
similar time. After the works were completed, the duration of 
ice cover on Danube decreased by more than half while a rela-
tive frequency of freeze-up was recorded (at present, on the 
polluted river, when the freezing point becomes lower, this 
frequency is 25%). The ice phenomena duration on Danube 
after engineering decreased too.  

Hungarian authors also analysed the changes in the ice re-
gime resulting from the construction of the power plant (barrage 
and reservoir) on the Raba River (Hungary), where results were 
a little bit different. The most similar to the conditions of the 
Vistula River in Toruń was the Raba reach in the Árpás region. 
The gauging station is located 39 km downstream from the 
barrage at Nick. At Árpás, after the construction of the barrage, 
the average number of the ice-covered days decreased from 32 

 

 
 
Fig. 5. Average duration of ice phenomena and ice cover with standard deviation and relative frequency of freeze-up and ice occurrence at 
Toruń on the Vistula River in the analysed periods. 
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to 25 (–22%), while the ice-affected season (= ice phenomena 
duration) decreased from 42 to 34 days (–19%) in the selected 
winters. Relative frequency of freeze-up was also slightly re-
duced (Takács et al., 2012). On the Vistula River in Toruń the 
limited duration of the ice cover after the creation of the barrage 
in Włocławek was greater.  

The average temperature of the winter season increased in 
the analysed period from TWS1 = –2.1ºC to TWS3 = –1.1°C. The 
differences in the ice phenomena and cover duration, calculated 
for TWS1 and TWS3 values (based on the formulas Dip3 and Dic3 in 
Figure 4) are part of the changes to DIP and DIC resulting from 
the winter season warming. If there were no changes of winter 
season temperature, in present, ice cover duration would be 
about 5 days longer as well as ice phenomena duration would be 
about 14 days longer on average.  

Jiang et al. (2008) analysed data from the Yellow River for 
period 1968–2001. They concluded that the freeze duration has 
shortened by 38 days (from 109 to 71 days) at Bayangaole and 
only by 27 days (from 116 to 91 days) at Sanhuhe, mainly as a 
result of temperature increase. River on the lower reach froze up 
in the majority of the winter seasons in the analysed period. 

On the stretches of the river below dams, the changes of the 
duration of ice phenomena are also a result of changes tempera-
ture of the water. For example, in the Ropa River in the Polish 
Carpathians, changes in the physicochemical properties of the 
water were caused by the Klimkowka Reservoir. After the res-
ervoir had started operations, at a distance of 16 km below the 
dam, in November and December the average temperature of 
water increased by 1.3°C. The DIP on the river below the dam 
decreased by 21 days on average (Soja and Wiejaczka, 2013). It 
is similar to the results presented in this paper.  

The ice cover duration on the Vistula River in Toruń also 
depends on other factors not analysed here. Among these, the 
most important role belongs to the water pollution, which prob-
ably increased during the analysed period. Some of the water 
contaminants have an anti-freeze effect, and therefore much 
colder temperature seems to be needed today to produce the 
same river ice phenomena as at the beginning of the 20th centu-
ry. For freeze-up, the dominant factor is the chloride-ion con-
centration. The most important source of the chloride ion is salt 
which is used for de-icing roads in winter. In terms of meteoro-
logical factors, the volume of the ice produced on the river is 
not only affected by air temperature, but also cloudiness. As 
shown by studies carried out in winter 2013, a smaller thickness 
and durability of ice cover are affected by snowfall occurring 
during theice cover progression phase (Pawłowski, 2013). The 
course of ice phenomena also depends on the river discharge. 
All of these un-analysed conditions have certainly influenced 
the reduction in the correlation coefficient values shown in 
Figure 4. According to Majewski (2007), formation of ice cover 
on flowing waters is a very complex physical process and there-
fore predicting the time of appearance, character and thickness 
of ice cover is extremely difficult. 

 
CONCLUSIONS 

 
Changes in the ice cover ice phenomena duration since the 

nineteenth century on the Vistula River in Toruń have been 
greater than the changes reported for other rivers. At present, 
the Vistula ice regime is more a result of anthropogenic factors 
than climate change.  

The following percentage shares of individual factors in re-
ducing the ice phenomena and ice cover duration in Toruń were 
recorded: 

- Changes due to river control resulted in a shortening of all 
of the ice phenomena duration by 14%, and duration of ice 
cover by 35%,  

- Changes caused by the construction of the Włocławek Dam 
shortened the duration by 26% for ice phenomena and 47% for 
ice cover in comparison to their values from the first analysed 
period (Table 4). 

- Changes also included the frequency of freeze-up (Fig. 5). 
Currently, ice cover in Toruń is formed during cold winter 
seasons, if the average winter temperature is lower than –2.0°C 
(Fig. 4C). Its appearance is treated as an extraordinary phenom-
enon, especially by younger people in the Toruń Region. After 
1970, the Włocławek Dam has predominant role in Vistula 
River ice regime in Toruń. 

The most important changes occur in the duration of the ice 
cover. The lack of freeze period causes shortening in the ice 
floes duration too. Anthropogenic factors analysed in this paper 
did not cause substantial shortening in the number of days with 
ice pans. 

Change in the duration of ice cover is also the result of in-
creased winter season temperature. Similarly to other regions in 
the northern hemisphere, in the analysed period this increase 
was about 1.1°C. Hence, the duration of ice phenomena in 
Toruń was shortened by 14 days, and the ice cover’s duration 
by 5 days.  

It is necessary to maintain the river’s hydro-engineering 
structures in good condition to keep the currently observed 
relations of ice phenomena (ice cover) duration with the mean 
winter temperature stable. River depth is also a significant fac-
tor in the effectiveness of the icebreaking. Currently, some of 
groins need of renovation or complete reconstruction. Further 
changes in the course of the Vistula River’s ice regime in Toruń 
will certainly be influenced by the construction of another dam 
of the Lower Vistula River Cascade. This investment is being 
planned for the section of the Vistula River between Włocławek 
and Toruń. 
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