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Abstract

:

The paper investigates the distribution properties of measurement series of river water temperatures for the lowland River Noteć and its tributaries (Western Poland), as well as air temperatures at different data time resolution levels (1987–2013). The aspect of distribution normality was examined in quantile plots, the series’ stationarity was assessed with an augmented Dickey-Fuller test, while autocorrelation was studied using an Autoregressive Integrated Moving Average (ARIMA) model. It was demonstrated that distributions of river water and air temperature series at different levels of analyses are generally close to normal but also display a certain skewness. Both daily temperature measurement series are stationary series. The periodic component accounts for about 93% (water temperature) and 77% (air temperature) of the daily variability of the variable, while the random factor equals 6–7% and 22%, respectively. The Autoregressive Integrated Moving Average (ARIMA) model confirmed a clear annual seasonality in temperature distribution and indicated the long memory of the autoregressive process AR (2–4). The temperature prediction performed on the basis of a 4th-order Fourier series is consistent with the course of historical data. In the multiannual period 1987–2013, particularly high maximum temperatures were recorded for the Upper Noteć in the summer half-years (28.4 °C); these are related to anthropogenic factors and increase the threat to the existence of cyprinids and salmonids. The thermal anomalies identified in the River Noteć clearly point to the necessity of intensifying the monitoring of its waters.
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1. Introduction


Similar to all other features of the river regime, the temperature of water is shaped under the influence of the climate and the natural environment, undergoing daily, seasonal, annual and multiannual changes. Its seasonal changes, similar to those of flow, are the natural consequence of the climatic conditions predominant in a given geographical zone, whereas multiannual changes may point to environmental changes occurring on a wider scale. River flow and water temperature are indicators of changes in the hydrological cycle [1,2]. In rivers of the Northern Hemisphere functioning in the moderate climate zone, we are observing the effects of the seasonality of the hydrological cycle, which manifest themselves in the occurrence of phases of freshets and low waters that differ in terms of river supply conditions and the scope of variability of extreme states and the quantity of river run-off [3]. The effects of the seasonal occurrence of floods and droughts constitute a potential threat. A measurable index of seasonality indicates changes in the thermal conditions of waters. Low water temperatures contribute to the appearance of ice phenomena on rivers. In the Northern Hemisphere, the effects of ice phenomena (icing of rivers, freezing and thawing) are observed in more than 60% of rivers, whereas the course and duration thereof are dependent on air temperature and water temperature [4]. Embacles and the floods that they cause, which occur in the winter and spring seasons, result in enormous economic losses and constitute a threat to human life. High positive temperatures of river waters in summer, accompanied by a limited rainfall supply and high evaporation, contribute to unfavourable geophysical and chemical changes in river waters, and speed up the process of eutrophication of waters. Seasonal changes in the hydrological and thermal characteristics of rivers also impact the ecological state of waters and environmental conditions. The variability of hydrometeorological factors impacts the river regime, but is also an element that shapes the dynamics of outflow of biogenes (nitrogen and phosphorus) from the catchment area, which are also characterised by a clear seasonal diversity [5,6,7,8]. The conditions under which a watercourse is supplied and the exchange of waters and biogenic substances takes place impact changes in the physical and chemical properties of waters, and in consequence the ecological state of waters [9]. In the moderate climate zone, the largest biogene loads reach rivers and lakes in the winter half-year period, with smaller ones in the summer half-year period, which also reflects changes in the thermal conditions of river waters [10].



The run-off regime and thermal conditions of river waters are influenced both by atmospheric precipitation and air temperature, the values of which point to a significant dependence on macroscale types of atmospheric circulation [3,11]. The importance of this change depends on the susceptibility of individual features of the regime to the changing climate [12]. Change tendencies in series of river run-offs and climatic data show that trends for annual run-off are frequently the result of changes in the value of atmospheric precipitation, whereas trends for seasonal and extreme run-offs are determined by changes in air temperature [13,14]. For the majority of the European continent, average annual air temperature increased in the 20th century by 0.8 °C [15]. Usually, a greater increase in temperature was observed in winter, not in summer, and this has translated into an increase in the temperature of river waters, thus leading to a limitation of the appearance of ice phenomena on rivers in the winter season. Research into river run-offs, which takes into consideration forecast changes in air temperature, has confirmed tendencies of change in the regime type and its stability under the impact of air temperature [12,16,17,18]. Changing climatic conditions may lead to a destabilisation of characteristics of the run-off regime and the thermal conditions of river waters, causing them to transform into a different type of regime, with clearly different regularities concerning the seasonality of high and low waters and their temperatures [1]. This would result in the disruption of both determined hydrological and thermal conditions of rivers, and the utilisation of water. Significant and permanent changes in reference characteristics of water run-off and temperature are also caused by various forms of anthropogenic activity in catchment areas [6,19,20].



Of particular importance for assessing the structure and functioning of water ecosystems are the statistical distribution characteristics of water temperature, which are analysed on different time resolution levels and provide information concerning the maintenance or disruption of a watercourse’s thermal stability. Time series of river water temperatures [21,22] constitute the basis for identifying among others the normality of distribution of data series, stationarity (or non-stationarity), and autocorrelation [23]. The decomposition of time series characteristics into a systematic (trend, constant component, periodical fluctuations) and random component, of which the latter is related to the occurrence of a random factor, is a crucial element of research into thermal regime regularity. Long-term fluctuations of flowing water temperature are an identifier of the impact of climatic conditions and the seasonality of processes of river recharge and discharge on its temporal variability [24,25].



The temperature of flowing water is a good indicator of climate change; however, there are often no homogeneous measurement series, which to some extent limits the possibility of analysing its multiannual variation. Random occurrences and measurement series values which are atypical of the river water thermal regime appear due to various disturbances of its course. Usually, anthropogenic factors operating within a catchment, connected with the transformation and improper utilisation of the natural environment, have no more than an incidental impact. Changes in river water temperature are the result of, for example, the inflow of sewage, thermal pollutants, or hydromorphological changes occurring within the watercourse’s bed and valley [26,27,28]. River water temperature is also strongly modified by activities related to a catchment’s usage and river valley development [21,29]. The thermal regimes of river are also affected by changes in their thermal balance and in the thermal capacity of river bed systems. Many investigators have used the range of thermal variations as the most sensitive index of anthropogenic impact on river water [28,30].



In the analysis of river ecosystems and research into their dynamics, use is made of river water temperature fluctuation models, which are developed taking into consideration air temperature, recharge components, and environmental factors [31,32,33]. Assessments of relations between flowing water temperature, air temperature, and a river system’s thermal balance utilise stochastic and deterministic regression models [34,35]. For the purpose of predicting river water temperature, deterministic models use the energy balance, whereas the remaining two models are based on air temperature data [29,36]. Spatial analyses of river systems employ geostatic models [37] and regional neural networks [38], whereas for assessing the regularity of river thermal regime characteristics, use is made among others of the equilibrium temperature concept [39,40] and regional interrelations affected by latitude [41]. Spatial and temporal autocorrelation can cause estimation problems, which are confirmed by the research [26,34,42].



Water temperature is also considered as an important abiotic factor co-determining the optimal conditions for the existence and growth of organisms, and the retention of the ecological function of watercourses [26,42,43]. The thermal parameters of waters are an indicator of controlling processes occurring in aquatic systems, particularly those of freshwater fishes [44,45,46], and they also determine the risk level for the functioning of species sensitive to changes in water temperature [47,48]. Every increase in temperature can have serious consequences for the structure, functions and services of water ecosystems. The potential effects of a rise in river water temperature include a reduction in habitat for cold-water aquatic species, changes in ichthyofauna species, the increased sensitivity of certain organisms to toxins, a greater frequency of algal bloom, and the acceleration or deceleration of the self-purification of waters [44,49]. Prediction results are used in ecological indication. This means that the thermal conditions of waters and water temperature distribution characteristics may be indirectly used to provide information on the ecological condition of ecosystems, which is shaped under the influence of natural factors, and further modified by the impact of anthropogenic pressure. Under different thermal conditions of waters, and consequently in different development environments, there occurs differentiation of organisms of common origin, which indicates a different degree of their adaptation to the changing conditions of life (adaptive radiation) or occupying new ecospace thereby (evolutionary radiation). Identification models and river water temperature simulations are elaborated for fisheries management and also for managing streams and their watersheds [50].



This research involved analysis of the distribution of the measurement series of river water temperature on different time resolution levels: daily, monthly and annual in the multiannual period 1987–2013. The structure of water temperature time series and their properties, i.e., distribution normality, as well as stationarity and autocorrelation, have been presented in the example of the lowland River Noteć (3 measurement stations) and its two primary tributaries: the Drawa and the Gwda, which drain the area of Western Poland (the northern part of the Greater Poland Lowlands). The same distribution characteristics were elaborated for the air temperature time series which are measured at the Piła forecasting station, located in the Noteć catchment. The aim was to determine the types of air and flowing water temperature distributions, and their degree of similarity at selected measurement stations located on rivers. Further, the series were decomposed into additive components: the trend, the periodic factor, and the random factor, with an indication of the dominant element in the data series. The autoregressive Autoregressive Integrated Moving Average (ARIMA) model applied, with a seasonal component in the form of a Fourier series (the first four terms were included), made it possible to carry out a prediction of data for water and air thermals taking into account the cyclical character of temperature changes.



The information obtained can serve as a basis for interpreting the influence of water temperature on the formation of ice phenomena in the winter season, and for interpreting biological and biogeochemical processes taking place in rivers in the summer months. It may prove useful, for example, for determining thermal tolerance thresholds and assessing the risk of exceeding maximum values decisive for the existence of aquatic life in river ecosystems; this has been emphasised by others [38,48,51,52].




2. Materials and the Study Area


The degree of similarity in the distribution of the water temperature measurement series of the Noteć and its tributaries, and also their stationarity and autocorrelation characteristics, were determined at gauging points of the observation network of the Institute of Meteorology and Water Management—National Research Institute (IMGW-PIB Warsaw, Poland). Three water temperature measurement stations situated on the Noteć were selected: Pakość (upper reaches), Ujście (medium reaches), and Nowe Drezdenko (lower reaches), as well as stations located on two of its tributaries: Gwda (Piła) and Drawa (Drawiny), for which an uninterrupted daily observation series was available for the period 1987–2013 (Figure 1). Use was also made of daily air temperature data (1987–2013) obtained from the Piła forecasting station (IMGW-PIB).



The Noteć (391.3 km long) is the largest tributary of the Warta River (second order) and empties into the Odra (first order), which drains waters from the territory of Poland into the Baltic. In accordance with the physico-geographical division of Poland [53], the Noteć catchment is located in the following macroregions: the Toruń-Eberswald proglacial stream valley, through which runs the main bed of the river, and the South Pomeranian Lakelands, through which flow the right-bank tributaries of the Noteć. The catchment is situated within the range of two climatic regions: the Greater-Poland Western and the Greater-Poland Eastern [54], in which the mean annual air temperature equals 8.3 °C and 8.0 °C, respectively.



The characteristic feature of the Upper Noteć is the presence of numerous lakes along its reach and near the tributaries, which occupy as much as 4% of the catchment area [55]. In its medium reaches, the river is canalised and accessible for ships, while its water levels are regulated by a sluice system. The maximum span of water level fluctuations in the lower reaches is about 3.5 m. The mean annual unit discharge for the Noteć catchment is 90–100 mm (according to IMGW-PIB data). Noteć and its tributaries are characterised by a snow-rainfall recharge type. The highest flows usually occur in March and April (130–180% of annual discharge), and the lowest from July through September (source: IMGW-PIB). The Noteć and the Drawa are characterised by the longest low water durations: 75 (the Noteć) and 97 days (the Drawa). The mean daily water temperature in the lower reaches of the Noteć changes seasonally from 3.6 °C in winter (November–March) to 15.7 °C in summer (April–October), reaching 18.8 °C in July [55]. The temperature of flowing waters is sometimes increased by inflowing pollution (thermal pollution, municipal and industrial-origin sewage), particularly in the upper and medium reaches.



On the basis of abiotic and biotic categories, and also taking into consideration the macrobenthic and phytobenthic type, the Noteć has been classified in the category of “lowland large-river systems” [31]. The Noteć River, Gwda and Drawa rivers meet the requirements specified for categories of watercourse stretches that are of special significance for preserving morphological continuity, and also functions as primary migration corridors for fish. The Noteć Valley, due to its high natural values, has been designated for conservation. The following Natura 2000 areas have been created: “The Noteć Valley” and “The Valley of the Middle Noteć and the Bydgoszcz Canal” [56]. The area is characterised by a rich mosaic of habitats with priority riparian forests. It overlaps spatially with an important bird refugium of European renown (E-33), which is also a critical corridor of international importance. Natura 2000 is a network of sites selected (under the Habitats and Birds Directives) to ensure the long-term survival of Europe’s most valuable and threatened species and habitats [57].




3. Methods


The analysis of the distribution of river water and air temperature measurement series was conducted for the Noteć catchment for the period 1987–2013 on different time resolution levels: daily, monthly, semi-annual, annual and multiannual. Daily water and air temperature distributions were analysed using a set of data developed on the basis of a hydrological year, which under the Polish conditions, covers the months of November–October. Distribution of air temperate series in the individual half-year periods was also taken into account: the cool (winter) half-year period, covering the months November–April and the warm (summer) half-year period, covering the months May—October. Under Polish conditions, a majority of characteristics of the water regime, including the thermal or icing regime, is considered on the basis of a hydrological year. Calculations were performed in the R calculation environment, version 3.3.2 (31 October 2016). The R suite (GNU R) software is used for data analysis, and also functions as a programming platform [58].



The distribution normality of data series was assessed, and the series were also analysed in terms of the occurrence of stationarity and autocorrelation. Due to the considerable number of observations, the distributions of daily river water temperature and air temperature were analysed graphically using a quantile plot showing the relations between expected quantile values (assuming normality of distribution) and empirical quantiles. Time series stationarity was inspected by means of an augmented Dickey-Fuller test, ADF [59]. In the ADF test, series’ stationarity was determined for the case when the test p-value was lower than the adopted significance level, which meant discarding the hypothesis of the so-called unit root and assuming time series stationarity. The results of the significance test applied were evaluated in relation to the accepted level of α = 0.05. Wherever a different significance level was adopted, such information was included next to the calculation results. For the decomposition of the series into components (the trend, the periodical factor, and the random factor), an additive model was used. It applies to a time series in which the observed values of the variable being predicted are the sum of components of the series, and thus the trend value is decreased or increased by constant values of the seasonality factor [60].



The examination of the autocorrelation of daily river water temperature and air temperature time series was performed using an autoregressive Autoregressive Integrated Moving Average Model (ARIMA model) with the capability of determining a prediction. For this approach it was assumed that the value of a series is dependent on current and previous disturbances. The model consists of three elements: an autoregressive (AR) process, degree of integration I (Integrated), and the moving averages (MA) process. In the autoregressive process, each value is a linear combination of preceding values, and thus process memory is utilised.



For the AR (2) and AR (3) processes, the following equations are applied, respectively:


yt = φ1yt−1 + φ2yt−2 + εt



(1)






yt = φ1yt−1 + φ2yt−2 + φ3yt−3 + εt



(2)




where:




	
yt—series value at time t



	
yt−1—series value at time t − 1, etc.



	
εt—random component, disturbance from time t



	
t—successive days



	
φ—a parameter defining the strength of impact of the preceding value in the process (or successive ones, incrementally older) on the current value








Additionally, in order to enable proper modelling of the clear annual seasonality, a seasonal component was added; this was modelled using a fourth-order Fourier series with a prediction. For a stationary process, the canonical expansion is the form of the Fourier transform (Equation (3)):


yt = [αksin(2πkt/365) + βkcos(2πkt/365)] + φyt−1 + εt



(3)




where: (αksin(2πkt/365) + βkcos(2πkt/365))—the Fourier transform for k = 1, 2, 3, 4. The remaining symbols are explained in Equations (1) and (2).



Daily river water temperature data were modelled as an ARIMA (2, 0, 0) process for the Noteć in Pakość and Nowe Drezdenko, and for the Drawa in Drawiny. A third-order ARIMA (3, 0, 0) process was used to model the water temperature of the Noteć at the Ujście profile. For the Gwda River in Piła, autocorrelation analyses were conducted using a fourth-order autoregressive ARIMA (4, 0, 0) model. On the basis of an analysis of daily autocorrelations of air temperatures measured in Piła, it was decided to use a second-order autoregressive model with a second-order moving average process, the so-called ARIMA (2, 0, 2) model. Finally, daily water temperature measurements for the Noteć, the Drawa and the Gwda, as well as air temperatures at the Piła station, can be approximated using Equations (4)–(9):



Noteć-Pakość (tw):


    y t  =   ∑   k = 1  4  [  α  k     sin  (    2 π k t   365.26    )  +  β  k       cos  (    2 π k t   365.26    )  ] + 10.92 + 1.25  y  t − 1   − 0.30  y  t − 2   +  e t      



(4)




where: α1 = −9.80; α2 = 0.40; α3 = −0.45; α4 = 0.27; β1 = −2.24; β2 = −0.55; β3 = −0.50; β4 = 0.21.



Noteć-Ujście (tw):


    y t  =   ∑   k = 1  4  [  α  k     sin  (    2 π k t   365.26    )  +  β  k       cos  (    2 π k t   365.26    )  ] + 10.18 + 1.34  y  t − 1   − 0.30  y  t − 2   + 0.08  y  t − 3   +  e t    



(5)




where: α1 = −9.98; α2 = 0.58; α3 = −0.37; α4 = 0.10; β1 = −2.17; β2 = −0.51; β3 = −0.31; β4 = 0.32.



Noteć-Nowe Drezdenko (tw):


    y t  =   ∑   k = 1  4  [  α  k     sin  (    2 π k t   365.18    )  +  β  k       cos  (    2 π k t   365.18    )  ] + 10.22 + 1.21  y  t − 1   − 0.27  y  t − 2   +  e t    



(6)




where: α1 = −9.98; α2 = 0.58; α3 = −0.37; α4 = 0.10; β1 = −2.17; β2 = −0.51; β3 = −0.31; β4 = 0.32.



Drawa-Drawiny (tw):


    y t  = 9 , 79   ∑   k = 1  4  [  α  k     sin  (    2 π k t   365.27    )  +  β  k       cos  (    2 π k t   365.27    )  ] + 1.10  y  t − 1   − 0.15  y  t − 2           



(7)




where: α1 = −8.62; α2 = 0.34; α3 = −0.34; α4 = 0.12; β1 = −1.65; β2 = −0.39; β3 = −0.25; β4 = 0.25.



Gwda-Piła (tw):


    y t  =   ∑   k = 1  4  [  α  k     sin  (    2 π k t   365.26    )  +  β  k       cos  (    2 π k t   365.26    )  ] + 9.62 + − 1.25  y  t − 1   − 0.31  y  t − 2   − 0.06  y  t − 3   + 0.05  y  t − 4     +    e t          



(8)




where: α1 = −8.72; α2 = 0.41; α3 = −0.20; α4 = 0.10; β1 = −2.04; β2 = −0.31; β3 = −0.45; β4 = 0.3.



Piła (Ta):


    y t  =   ∑   k = 1  4  [  α  k     sin  (    2 π k t   365.26    )  +  β  k       cos  (    2 π k t   365.26    )  ] + 8.52 + 1.50  y  t − 1   − 0.53  y  t − 2   − 0.54  y  t − 1   − 0.25  y  t − 2     +    e t          



(9)




where: α1 = −9.73; α2 = 0.04; α3 = 0.10; α4 = 0.03; β1 = −2.45; β2 = −0.22; β3 = −0.35; β4 = 0.39.



And yt—series value at time t, yt−1—series value at time t − 1, etc., et—random component, disturbance from time t, k—process order, t—successive days, α—coefficient of components of the Fourier transform, which determines the weight of the sinusoidal component; the β—coefficient of components of the Fourier transform, which determines the weight of the cosinusoidal component.



The classical procedure of selecting the appropriate ARIMA model was developed by Box and Jenkins (1976) [61]. It consists of three steps: identification, estimation, and diagnosis. For the identification of the model’s parameters, information criteria were used. The number of the model’s parameters was determined on the basis of time series plots of water temperature and air temperature, as well as autocorrelation (ACF) and partial autocorrelation (PACF). The analysis of autocorrelation plots and functions was helpful in the preliminary determination of the following parameters: autoregression (AR), degree of series integration (I), and the moving average parameter (MA). Autocorrelation as a function assigns the Pearson correlation coefficient value to the natural argument k between a time series and the same series shifted back by k units of time. Partial autocorrelation PACF is a measure analogous to partial correlation and determines autocorrelations of series values with a delayed value, without accounting for autocorrelation resulting from intermediate values. At the stage of diagnosing the model, the independence of remainders (the random factor) was examined using the Box-Pierce test.




4. Results


Quantile plots elaborated for daily series of water temperatures of the Noteć and its tributaries demonstrated that these distributions are bimodal throughout the entire multiannual period, which is the result of the seasonality connected with the occurrence of a cool and warm half-year (Figure 2). The distribution of daily air temperatures (the Piła station) for the whole multiannual period is close to normal, being characterised only by slight negative skewness related to a negligible overrepresentation of lower air temperatures.



Water temperature distributions for both half-years are not perfectly normal; they are skewed to some degree (Figure 3). As regards air temperature, the distribution of series for the cool half-year is also characterised by a slight negative skewness, while their distribution for the warm half-year is approximately normal. This means that a negligible overrepresentation of lower values in the cool half-year was the cause of the negative skewness of the distribution for the entire multiannual period, without a division into half-years.



Thermal river water data are similar when viewed at the level of individual years. The higher time resolution makes it possible to notice certain annual fluctuations—years and half-years characterised by varying degrees of overrepresentation of extremely low or high water temperatures of the Noteć and its tributaries. Additionally, distributions for different years have different shapes, not always symmetrical and unimodal. Moreover, the distributions are almost never approximately normal. Air temperature series distributions for Piła for individual years in the analysed period (1987–2013) are generally approximately normal. There are, however, individual exceptions to this rule in the form of distributions with a slightly negative or positive skewness. A similar effect has also been observed at the level of individual decades in the cool and warm half-year systems.



For the analysed period, the mean annual water temperature of the Noteć in its upper reaches equalled approximately 10.9 °C (Noteć-Pakość), and 10.1–10.2 °C in the river’s medium and lower reaches (Table 1). River water temperatures were higher than the air temperature in Piła by about 1.5–2.0 °C. In the winter half-year, when under the conditions prevalent in Poland mean flowing water temperature values fluctuate at around 2.0 °C, the mean water temperature of the Noteć in Pakość and Nowe Drezdenko for the 1987–2013 multiannual period reached 4.4 °C and was slightly higher than the water temperature measured in Ujście. During this period, the waters of its tributaries—the Gwda and the Drawa—were cooler than those of the Noteć (Table 1).



Higher river water temperatures in the winter season (above 2.0 °C) usually signify that pollution (thermal pollution, municipal and industrial origin sewage) is present in a river. For many years, the Noteć has been collecting pollution through the River Pichna (a right tributary, not inspected by the IMGW-PIB), this originating from the Tomisławice lignite exposure owned by the Konin Lignite Mine. These are mainly mine wastewaters with a substantial quantity of suspended matter. Furthermore, the Provincial Inspectorate for Environmental Protection (source: WIOŚ Konin) carried out a phytobenthic and macrophytic test and established a deterioration of biological water quality.



Compared to measurements taken in Ujście and Nowe Drezdenko, the waters of the Noteć in Pakość are also characterised by a higher mean temperature in the summer half-year (Table 1). In the summer season, the maximum water temperatures of the Noteć and its tributaries exceeded 21.5 °C (Figure 4), which is the threshold value permitted for a natural salmonid habitat [62]. In turn, a river water temperature of approximately 28.0 °C (the maximum temperature in the summer in Pakość is 28.4 °C) is the threshold value permitted for a natural cyprinid habitat. The Noteć, due to its natural qualities, has been classified amongst inland waters constituting natural fish habitats, for which it is necessary to respect thermal requirement guidelines conducive to the proper development and maintenance of ichthyofauna.



At the level of individual months, distributions of water temperature data series for the Noteć and its tributaries are approximately normal, or at least relatively symmetrical (Figure 5). This shows that monthly river water temperatures were relatively stable throughout the entire analysed period. Only for the Noteć in Pakość (upper reaches) is the distribution for April pronouncedly more positively skewed than for other months.



The considerable difference between the minimum and maximum temperatures (approximately 22 °C) in the month of April was due to the watercourse being fed by meltwater (spring melt rise), as well as groundwater with varying temperatures [26,35,55]. Additional sources of recharge for the Noteć in this season are precipitation, which enters the watercourse through surface runoff, and also pollution discharged into rivers. A greater diversity of the Noteć’s monthly water temperatures can be observed in the summer and summer-autumn seasons (Figure 6). In these periods, there is an increased recharge of rivers by groundwater, which has a lower temperature than river water. In turn, the highest data variability range for monthly air temperatures occurs in the winter season, mainly in January and February.



At the Ujście station, meanwhile, the period from December to March is characterised by clearly positively skewed river water temperature distributions. For the lower stretch of the Noteć (Nowe Drezdenko), the water temperature distribution for January, February and March is characterised by not completely correct (positive) skewness (Figure 6). For the Drawa in Drawiny and the Gwda in Piła (except for distributions for December, January, February and March), the water temperature distributions in individual months are close to normal, or at least relatively symmetrical, and this shows that during the entire analysed period under study, monthly temperatures were relatively stable. Monthly distributions of air temperatures in Piła are also approximately normal. Only the distributions for December, January and February are slightly negatively skewed (Figure 6).



For measurement series of the water temperature of the Noteć and its tributaries, and also of air temperature (Piła), the augmented Dickey-Fuller test ADF [39] showed that the daily temperature series are stationary (Table 2).



The decomposition of daily water temperature series into additive components revealed that they are dominated by a periodic component which accounts for approximately 92.6–93.4% of variability (Table 3). A seasonal component plot indicated that it is necessary to include this component in the general formula describing the analysed time series (Figure 7). In the case of river water temperature, seasonal fluctuations are caused primarily by climatic factors, mainly by changes in air temperature and processes such as snow and ice cover melts, underground river recharge, and evapotranspiration drainage occurring within the area impacted by the river valley. The modifying impact of groundwater on the thermal river regime has been confirmed among others by Kanno et al. [52], and Westhoff and Paukert [63]. Seasonal fluctuations in combination with this trend (Table 3), they may in future may lead to steadily greater periodical fluctuations (from year to year), proportionately to the scale of the phenomenon.



Apart from the periodic component, there was also present a negligible trend responsible for 0.4–0.6% of temperature variability in the analysed period. Random fluctuations accounted for approximately 6.0–7.0% of river water temperature variances (Table 3). Data presented in the random fluctuations plot (Figure 7) allow us to conclude that fluctuations of this type occur in a series and affect the observed phenomenon; indeed, in some years the range of random fluctuations was very broad. As regards the decomposition of daily air temperature series in Piła, the periodical component was demonstrated to be dominant (Table 3). The trend component is 1.0% and is practically negligible, while the share of random fluctuations accounts for 22.0% of air temperature variability in the analysed period. Compared to daily river water temperature series, the share of the random component is more than three times greater. The share of the periodic component has in turn decreased.



The research into the autocorrelation of the time series of river water and air temperatures was conducted on the basis of autoregressive ARIMA models. In this approach it was assumed that the value of a series is dependent on currently existing and previous disturbances. The selected models ensured a good reflection of past data, thus confirming the validity of the analysis being conducted (Figure 8). The remainders of the constructed model were independent, which was demonstrated by a Box-Pierce test, while the error variance was relatively uniform. Only the distribution of remainders deviated from normality; however, it was still symmetrical.



The models developed for the time series of water temperature of the Noteć and its tributaries, and also for air temperature values, further demonstrated a satisfactory prognostic capability. A data prediction elaborated on the basis of the model confirmed that it correctly reproduces the cyclical character of temperature changes. The quality of the model’s prediction is reflected by the high square of the correlation coefficient between the observed and predicted values (Figure 8). The described process was explained by the model with 99% accuracy.



In order to ensure a proper interpretation of the clear annual seasonality, a seasonal component was added, which was modelled using the first four terms of the Fourier series (Figure 9). The Fourier analysis is one of the basic tools for investigating stationary processes, the characteristics of which were identified for daily time series of river water and air temperatures in the Noteć catchment.



The temperature prediction elaborated on the basis of the model appears to be sufficiently consistent with the series for historical data, which constitutes additional proof of the adequacy of the applied model. This prediction plays an important role in water and biotic resources management in the Noteć catchment.




5. Discussion


The consistency of the distribution of measurement series of river water (the Noteć and its tributaries) and air (the Piła station) temperatures for the period 1987–2013 with normal distribution was observed at all of the stations at the level of daily, semi-annual and decadal data, and to a lesser extent at the level of monthly data. The asymmetry of distribution of monthly data in the winter season, mainly in January and February, may have been affected to a large extent by increased river water temperatures in this period. Relative to the average maximum temperatures, typical of lowland rivers, this extent was about 1.0–1.9 °C (approximately 2.0 °C). Such a situation was observed for the Noteć in the years 1988–1990, 1992–1993, 1994–1996, and also in 1999–2002 and 2007.



Changes in river water temperature are for the most part a consequence of changes in air temperature and heat instability in a river bed, with the latter factor being among others a function of heat transfer from groundwater and its exchange in the hyporheic zone. The major part of heat energy exchange occurs at the air-water level and is less pronounced at the river bed-water level [26,46]. River water recharge is connected with the transformation of precipitation into runoff, and also with snow cover melt in the spring season. The distribution of precipitation shows signs of asymmetry, often with a positive skewness [24], and this is reflected in the distribution of the incidence of low groundwater levels in immediate contact with the hydrographic network. The recharge of the Noteć and its tributaries originates in 75% from groundwaters. While researching the hydrological structure of Poland, Gutry–Korycka [64] determined that the distribution of groundwater depths is approximately normal. Research conducted by Graf [65] in the region of the Greater Poland Lowlands (1961–2000) confirmed for the majority of measurement stations, including those located in the Upper Noteć catchment, an asymmetry of distribution of mean annual shallow groundwater levels drained by the river.



In the medium and lower reaches of the rivers, and also in rivers flowing through industrial and urbanised areas, water temperatures are most often higher than air temperature, on average by 2.0 °C. At times, this increase amounts to as much as 5.0 °C, in most cases being the result of the inflow of pollution [27,66,67]. The temperature of the Noteć’s waters recorded in Pakość (the upper reaches of the river) is definitely higher than that in its medium and lower reaches. The mean annual temperatures calculated for the period 1987–2013 exceeded the multiannual mean in 13 annual projections. Disturbances in the time series structure of river water temperatures are evidence of the influence of factors interfering with the analysed properties [68,69]. This translates into the specific thermals of the Noteć along its course, which are divergent from the adopted rule. For rivers, an increase in the distance from their sources causes the water temperature to rise and noticeably approach the mean air temperature (thermal equilibrium) [41]. A slight cooling of the Noteć along its course may be evidence of the impact of additional local factors, e.g., it may be the effect of the river being recharged by its tributaries, the Drawa and the Gwda, whose mean water temperature is about 0.5–1.0 °C lower than that of the Noteć (Table 1). The lack of normality of measurement series distribution may also be influenced by natural and anthropogenic modifications of the heat balance, which include changes in land use, forestry, the removal of cover, flow regulation, and the appearance of heated effluents [52].



The mean daily water temperature of the Noteć increases in its upper reaches as a result of the inflow of polluted mine water from the Tomisławice exposure (Konin Brown Coal Mine). That is, mostly mine wastewater with a substantial quantity of suspensions with higher river water temperatures in the winter season (above 2.0 °C) is usually a sign of pollution presence in the river. Waters from the mine are first discharged through a canal to the River Pichna, then they flow for approximately 8.5 km to the River Noteć and further, for approximately 2.5 km—together with the waters of the Noteć—to the Lake Gopło. This results in an increase of the temperature of the mine waters due to their mixing with warmer waters of the River Pichna and their warming due to the impact of air temperature. The Noteć in Pakość also reached high maximum temperatures in both half-years: in the winter one, 25.5 °C (median 3.6 °C) and the summer one, 28.4 °C (median 18.0 °C). The maximum river water temperature in Pakość in the cool half-year is about 7.0 °C higher than that in the Noteć waters in the Ujście and Nowe Drezdenko profiles (according to IMGW-PIB data). An inspection conducted by the Konin Local Office of the Voivodeship Inspectorate for Environmental Protection (WIOŚ Konin) in August of 2014 (2014 does not cover the period of water thermals studies) confirmed the poor quality of the Noteć’s waters, which is above the permissible limit of normal suspensions in water.



The water cooling rate of the river along its course, with the limited supply of pollution in its medium and lower reaches, will be dependent on the weather conditions and river flow. The process of cooling of waters as a function of the flow and length of the river (in particular with the inflow of heated water) occurs most often at the 13–30 km stretch in winter, and at the 30–70 km stretch in summer. The recorded differences in the water temperatures of the Noteć between its upper reaches and the medium and lower reaches may have a critical impact on habitat conditions for living organisms.



The thermal regime of rivers is strongly modified by anthropogenic activity within a watercourse’s bed and valley. In the case of lowland rivers such as the Noteć, these are usually engineering works and impoundment structures, which bring about changes in river bed morphology and the artificial control of river water flow and levels. The Noteć has barrages in its upper and—partially—medium reaches, and these also impact the discharge conditions of water and its thermal regime. The degraded morphology of river stretches with barrages or canals is one of the major causes of undesirable changes in the temperature of flowing water. River bed engineering, aiming to expand its width and reduce the depth, may result in the change of the thermal conditions of waters and an increase of their daily temperature. Similar changes of the thermal conditions of river waters are observed after the removal of trees along river banks. Rivers with transformed hydromorphological conditions may experience alterations of physico-chemical and biological elements that serve as references for determining their ecological condition [70]. The erection of barrages on rivers or their stretches and the artificial control of water flow by means of canals are commonly considered as factors impeding the restoration of the historical thermal regime of watercourses [22,26,71,72]. Under such circumstances, the time series of thermal data may be devoid of homogeneity, which is equated with non-stationarity. Stationary series are considered homogeneous if we can completely exclude the impact of interfering factors and ones randomly affecting the statistical properties of a measurement series [65]. The stationarity of a daily water temperature measurement series was demonstrated for all stations located on the Noteć and its tributaries, the Gwda and the Drawa. A specific feature of the analysed measurement series is its highly pronounced and very regular periodicity, as well as the negligible role of the trend and the small role of the random component (noise), the share of which is greater in the structure of the time series of air temperatures. The random component hinders the identification of a phenomenon’s structure. Air temperature undergoes natural change over time, i.e., daily, seasonal, annual and multiannual fluctuations, as well as anthropogenic modifications resulting from an increased content of dust and greenhouse gases in the atmosphere, and also other forms of human activity [73]. Climate change brought about by human impact is characterised by a constant linear trend of change [74].



The distribution asymmetry of a measurement series is specific to most natural features and phenomena. Besides the amplitude and standard deviation, the skewness of air temperature distribution is the principal statistical indicator characterising its variability over the course of the year [75]. Distribution asymmetry was also demonstrated by means of effective air temperature sums in Poland for the years 1951–2006 during the vegetative period. According to [76], this is a positive asymmetry in most of Poland, being negative only in the north-eastern part of the country. A particularly interesting distribution of air temperature variability indicators occurs in the autumn months. The relatively high negative value of the skewness index is in this case the result of specific weather conditions that bring about cold nights (frosts)—even though the maximum absolute temperature in these months is also at times very high. Another interesting phenomenon is the positive value of the skewness index in July, which points to a manifestation of continental features in the Polish climate in the summer season. May frosts, albeit mild, are one of the phenomena that find reflection in the negative value of the skewness index.



Research into air temperature variability, conducted in Poland for the period 1951–2000 [77,78] and in the Greater Poland region for the period 1966–2006 [79], disclosed a statistically significant increase in its mean value. During the decade 2001–2010, a substantial area of Poland was some 0.4–1.0 °C warmer relative to the entire multiannual period, and this is partially confirmed by air temperature measurement results at the Piła station. In the decade 2001–2010 there was recorded an increase in the mean annual air temperature in Piła, this totalling approximately 0.5 °C relative to the period 1991–2000. As regards the water temperatures of the Noteć, the difference between the decades indicated did not exceed 0.3 °C (Nowe Drezdenko—upper reaches) and 0.4 °C (Ujście—medium reaches). In Pakość (the upper reaches), an increase in the mean water temperature of the Noteć—0.1 °C relative to the mean for the decade 2001–2010—was observed for the decade 1990–2000. This information additionally confirms the influence of factors acting independently of the impact of air temperature on the temperature distribution of flowing waters.



A characteristic feature of water temperature time series in rivers of the temperate climatic zone is a clear annual seasonality of data distribution, which has been confirmed by the applied ARIMA models. An analysis of the autocorrelation of daily of river water and air temperature series unequivocally disclosed a long memory of the process (AR (2)–AR (4)). The defined models achieved a very good data match (Figure 8). The data prediction for the Noteć and its tributaries based on the ARIMA model shows that it correctly represents the cyclical character of river water and air temperature changes. By isolating the effect of seasonal fluctuations on the thermal regime of the waters of the Noteć and its tributaries, as well as the air temperature, more detailed predictions can be obtained.



Research into the thermal water regimes of major European rivers has shown that their temperatures have increased by about 1–3 °C during the last century [15]. Climate change projections for Europe with a prediction until the end of the 21st century assume air temperature changes related to increases therein, which may contribute to the generation of greater numbers of extreme phenomena. In addition, they can also modify of the basic features pertaining to the ecological condition of waters, for example, changes in the physico-chemical parameters of waters or water temperature increases relative to reference periods.




6. Conclusions


The characteristic of the distribution of river water temperature at different data resolution levels reflects the impact of natural conditions and anthropogenic factors, acting in a quasi-continuous or periodical manner in the formation of river thermal regimes. In the case of the Noteć and its tributaries, the periodic component affects water temperature variance more than 90%, while the share of the random factor, which may confirm the influence of anthropogenic factors on changes in the water thermal regime, amounts to 6–7%. Water temperature as a predicted variable is also dependent on its values in previous periods, and this was confirmed by ARIMA models. The direction of changes in river water and air temperatures in the Noteć catchment, indicated for the period 1987–2013, is not a permanent phenomenon. In the analysed period there were observed half-years with extreme maximum water temperatures, reaching 28.4 °C in the summer. At all of the measurement stations located on the Noteć and its tributaries, the maximum water temperature recorded for the summer half-year reached or exceeded 24.0 °C (the thermal threshold for salmonids is 21.5 °C). The results obtained have a special significance for identifying the characteristics of the thermal regime, and also as regards the ecological classification of the waters of the Noteć, which is a representative of the so-called “lowland large-river systems”, typified by a high natural value. These are significant among others for interpreting the frequency and duration of ice phenomena on the analysed rivers (the pertinent research is currently being conducted by the author), and may be utilised to indicate climate change or used as a sensitive indicator of the impact of anthropogenic factors on river waters. The differences in the thermal regime of the Noteć identified in the catchment’s spatial configuration indicate a need to intensify the monitoring of its waters in terms of pollution inflow registration, and undertake protective measures—not only within NATURA 2000 areas, but also along the entire Noteć Valley, and the river’s tributaries.
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Figure 1. Location of the Noteć catchment and distribution of river water temperature and air temperature measurement stations in the study area: (1) catchment boundary, (2) river, (3) lake, (4) water measurement station, (5) air measurement station, (6) the Tomisławice lignite exposure owned by the Konin coal mine (outside the research area). 
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Figure 2. Frequency histograms and quantile plots of the distribution of daily water temperature series for the Noteć and its tributaries, and of air temperature (1987–2013): (A) Noteć–Pakość, (B) Noteć–Ujście, (C) Noteć–Nowe Drezdenko, (D) Drawa–Drawiny, (E) Gwda–Piła, (F) Piła (weather station). 
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Figure 3. Frequency histograms and quantile plots of the distribution of semi-annual water temperature series for the Noteć and its tributaries, and of air temperature (1987–2013): (A) Noteć–Pakość, (B) Noteć–Ujście, (C) Noteć–Nowe Drezdenko, (D) Drawa–Drawiny, (E) Gwda–Piła, (F) Piła (weather station). 






Figure 3. Frequency histograms and quantile plots of the distribution of semi-annual water temperature series for the Noteć and its tributaries, and of air temperature (1987–2013): (A) Noteć–Pakość, (B) Noteć–Ujście, (C) Noteć–Nowe Drezdenko, (D) Drawa–Drawiny, (E) Gwda–Piła, (F) Piła (weather station).



[image: Water 10 00203 g003]







[image: Water 10 00203 g004 550] 





Figure 4. Distribution of the measurement series of Noteć water temperature (Pakość, Ujście, Nowe Drezdenko) on daily time levels (°C). 






Figure 4. Distribution of the measurement series of Noteć water temperature (Pakość, Ujście, Nowe Drezdenko) on daily time levels (°C).



[image: Water 10 00203 g004]







[image: Water 10 00203 g005 550] 





Figure 5. Frequency histograms and quantile plots of the distribution of monthly water temperature series for the Noteć in Pakość (A), and air temperature in Piła (B) (1987–2013). 
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Figure 6. The variability range (min.–max.) for monthly water temperature series of the Noteć in Pakość (A), Ujście (B) and Nowe Drezdenko (C), and air temperature in Piła (D) (1987–2013). 
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Figure 7. The trend, periodical fluctuations and random fluctuations in water and air temperature time series (1987–2013): Noteć-Pakość (A), Noteć-Ujście (B), Noteć-Nowe Drezdenko (C) and Piła-air temperature (D). 
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Figure 8. Prognostic models of river water and air temperatures elaborated on the basis of the ARIMA model: (A) Noteć-Pakość, (B) Noteć-Ujście, (C) Noteć-Nowe Drezdenko, (D) Piła-air temperature. 
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Figure 9. Modelling of the seasonality of annual temperature of river water and air using a fourth-order Fourier series with a prediction: (A) Noteć–Pakość, (B) Noteć–Ujście, (C) Noteć–Nowe Drezdenko, (D) Piła (air temperature). The blue colour it is the predicted data. 
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Table 1. Descriptive statistics of the distribution of river water temperature “tw” (°C) and air temperature “ta” (°C) in the Noteć catchment on the multi-year and half-year levels (1987–2013).






Table 1. Descriptive statistics of the distribution of river water temperature “tw” (°C) and air temperature “ta” (°C) in the Noteć catchment on the multi-year and half-year levels (1987–2013).





	
River-Measurement Profile/Weather Station

	
Variable

	
M

	
SD

	
Min

	
Q1

	
Me

	
Q3

	
Max






	
Noteć-Pakość

	
Year (tw)

	
10.9

	
7.4

	
0.1

	
3.6

	
10.2

	
18.0

	
28.4




	
Winter half-year

	
4.4

	
3.2

	
0.1

	
2.1

	
3.6

	
6.4

	
25.5




	
Summer half-year

	
17.2

	
4.2

	
2.7

	
14.5

	
18.0

	
20.5

	
28.4




	
Noteć-Ujście

	
Year (tw)

	
10.1

	
7.5

	
0.0

	
3.0

	
9.8

	
17.2

	
26.8




	
Winter half-year

	
3.6

	
3.3

	
0.0

	
0.6

	
3.0

	
5.8

	
17.8




	
Summer half-year

	
16.6

	
4.1

	
2.2

	
13.8

	
17.0

	
19.8

	
26.8




	
Noteć-Nowe Drezdenko

	
Year (tw)

	
10.2

	
6.6

	
0.0

	
4.0

	
10.0

	
16.4

	
24.8




	
Winter half-year

	
4.4

	
3.1

	
0.0

	
2.0

	
4.0

	
6.4

	
17.2




	
Summer half-year

	
15.9

	
3.5

	
4.2

	
13.6

	
16.4

	
18.6

	
24.8




	
Drawa-Drawiny

	
Year (tw)

	
9.7

	
6.4

	
0.0

	
3.6

	
9.0

	
16.0

	
25.6




	
Winter half-year

	
4.1

	
2.8

	
0.0

	
2.0

	
3.6

	
5.9

	
16.6




	
Summer half-year

	
15.3

	
3.5

	
4.0

	
13.0

	
16.0

	
18.0

	
25.6




	
Gwda-Piła

	
Year (tw)

	
9.6

	
6.5

	
0.0

	
3.4

	
9.2

	
15.8

	
24.0




	
Winter half-year

	
3.9

	
3.1

	
0.0

	
1.4

	
3.4

	
5.9

	
17.3




	
Summer half-year

	
15.1

	
3.7

	
3.2

	
12.9

	
15.8

	
18.0

	
24.0




	
Piła-weather station

	
Year (ta)

	
8.5

	
8.1

	
−22.2

	
2.3

	
8.6

	
15.1

	
29.2




	
Winter half-year

	
2.3

	
5.5

	
−22.2

	
-0.8

	
2.4

	
5.9

	
21.5




	
Summer half-year

	
14.6

	
4.9

	
−2.7

	
11.5

	
14.9

	
18.0

	
29.2








Notes: M—mean, SD—standard deviation, Min—minimum, Q1—quartile I, Me—median, Q3—quartile III, Max—maximum.
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Table 2. Results of an augmented Dickey-Fuller test from a daily water “tw” and air temperature “ta” measurement series (1987–2013).
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	River-Measurement Profile/Weather Station
	Augmented Dickey-Fuller Test, α = 0.01





	Noteć-Pakość
	−6.41



	Noteć-Ujście
	−6.440



	Noteć-Nowe Drezdenko
	−5.929



	Drawa-Drawiny
	−6.094



	Gwda-Piła
	−6.011



	Piła-weather station
	−6.269
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Table 3. The decomposition of daily water and air temperature time series into additive components.
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	River-Measurement Profile/Weather Station
	Trend (%)
	Periodic Component (%)
	Random Fluctuations (%)





	Noteć–Pakość
	0.4
	92.6
	7.0



	Noteć-Ujście
	0.6
	92.9
	6.5



	Noteć–Nowe Drezdenko
	0.6
	93.4
	6.0



	Drawa-Drawiny
	0.5
	92.9
	6.6



	Gwda–Piła
	0.5
	93.1
	6.4



	Piła-weather station
	1.0
	77.0
	22.0
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