
Full Paper  11th ISE 2016, Melbourne, Australia 

 

 

SPATIO-TEMPORAL VARIABILITY OF WATER TEMPERATURE IN AN 
ANASTOMOSING SECTION OF THE NAREW RIVER 

 

AGNIESZKA RAJWA-KULIGIEWICZ 

Institute of Geophysics, Polish Academy of Sciences – Centre for Polar Studies KNOW  

(Leading National Research Centre), Księcia Janusza 64,  

Warsaw 01-452, Poland 

 

ROBERT J. BIALIK 

Institute of Biochemistry and Biophysics, Polish Academy of Sciences, Pawińskiego 5a,  

Warsaw 02-106, Poland 

Institute of Geophysics, Polish Academy of Sciences, Księcia Janusza 64,  

Warsaw 01-452, Poland 

 

PAWEŁ M. ROWIŃSKI 

Institute of Geophysics, Polish Academy of Sciences, Księcia Janusza 64,  

Warsaw 01-452, Poland 

 

Anastomosing rivers exhibit large spatial diversity in morphology and hydrological processes, that manifests in 

temporal thermal heterogeneity. This, in turn, determines the rate of biochemical processes and the distribution of 

aquatic macrophytes within the river ecosystem. In this study, we investigated the spatio-temporal variability of 

water temperature in conjunction with water level fluctuations and river discharge in an anastomosing section of 

the river channel. For this purpose, high resolution time series coming from eight monitoring stations located along 

the course of the upper Narew River (Poland) have been used. The spectral analyses of time series have been 

applied in order to identify characteristic scales and frequencies of the thermal inputs. The results revealed high 

spatial heterogeneity in thermal conditions associated with site-specific interactions. Moreover, spectral analyses 

of water temperature fluctuations show some characteristic scaling behaviour. The results obtained in this study 

highlight the importance of water monitoring networks for understanding complex interactions within wetland 

ecosystems. 

 

1 INTRODUCTION 

Water temperature affects the functioning of aquatic ecosystems because it directly affects oxygen solubility and 

thus the availability of oxygen for aquatic organisms. It is also a sensitive indicator of the river thermal regime's 

response to meteorological and geographical settings [1] as well as human disturbances [2]. However, the impact 

of these factors varies substantially depending on the timescale and spatial diversity. Given the above, the studies 

of temperature dynamics in complex river systems such as anastomosing rivers poses a great challenge that in fact, 

has been poorly investigated.   

The present work aims to analyse temporal variations of water temperature in an anastomosing section of the 

river and to discuss spatial differences in water temperature related to site specific characteristics. In particular, 

we attend to assess the relation between water temperature distribution and geomorphological and hydrological 

conditions at particular sites. A special attention is paid to the identification of key features of the power spectrum 

of time series such as the dominant frequencies and power-law scaling ranges. In short, the power law is a scale 

free function and therefore，it could occur in most real world processes with scaling or fractal behaviour. Despite 

the fact that the power-law spectra are widely distributed in nature due to its self-organized criticality principle, in 

anastomosing rivers they remain poorly understood since these rivers constitute world's most unique ecosystems.  

 

2 METHODS 

2.1 Study site 

The upper part of the Narew River is located in Northeast Poland (Fig. 1). It represents a unique anastomosing 

ecosystem consisting of the network of river channels, oxbows and inter-channel areas stabilised by densely 



 

 

vegetated banks. The river has a meandering character and flows through the extensive fen habitat. The main river 

channel is hydraulically coupled with smaller active channels and dead zones. The active channels are relatively 

deep and its width varies from 5–35 m. The riverbed is composed of medium and coarse-grained sand. Due to the 

river’s low gradient and presence of dead zones the flow is tranquil (Fr < 1, Re ~ 5·106) with mean velocities up 

to 0.35 m·s-1 and stream power ranging from 2–3 W·m-2 [3]. The area of the park is flooded by snowmelt waters 

in the spring (from February to early May). Usually, this flooding is more frequent in the upstream part of the 

reach (Topilec – Uhowo1). 

 

 
Figure 1. Study site location. Yellow dots represent monitoring sites.  

 

2.2 Data collection 

Data used in this study was obtained from the monitoring network carried out by the researchers of the Narew 

National Park. Along with its operational function in water quality management, the network aims to provide a 

more detailed knowledge of the mechanisms of natural and anthropogenic sources in anastomosing system. The 

network consists of eight monitoring stations located along the river course (Fig. 1). Each station is equipped with 

a multi-parameter sonde (manufactured by Hydrolab), which measures water temperature, water level, electrical 

conductivity and pH at 1-hour time interval. All sondes, except Kurówka are located in the main river channel. 

The detailed characteristics of the river reaches at selected sites are summarized in table 1. It should be noted that 

data obtained at Bokiny 1 could be burdened with a higher error due to the frequent failures of the sensor, which 

led to its removal. Nonetheless, we have used this data set as it might give a more complete picture of the 

anastomosing system.  

For the purpose of this study only time series of water temperature and water level were considered (Fig. 2). 

Moreover, the Narew river discharge was obtained from two gauges located in Babino and Suraż Villages (Fig. 



 

 

3). The streamflow in Babino was checked and erroneous values (i.e. peaks with a duration of less than 12 h) 

caused by the technical operations at the weir located upstream of the gauge were rejected. Meteorological data 

such as air temperature and rainfall were taken from the meteorological station located in Kurowo Village (Fig. 

4). Due to the fact that all data sets were obtained from the monitoring network, time series used in this study cover 

different timescales and possess a rather high percentage of missing values resulting from the occasional failures 

and maintenance of the measuring sensors.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Time series of water temperature and water level from monitoring sites. 

Table 1. Physical characteristics of the Narew River channel at selected sites.  

 

 Kruszewo Kurówka 
Wólka 

Waniewska 
Topilec Bokiny 2 Bokiny 1 Uhowo 2 Uhowo 1 

H (m) 1.2 - 3.7 0.5 - 1.7 0.5 - 2.1 1.1 - 2.5 1.0 - 3.5 0.5 - 3.6 2.0 - 7.0 0.5 - 2.0 

W (m) ~ 30.0 ~ 10.0 ~ 20.0 ~ 30.0 ~ 30.0 ~ 10.0 ~ 10.0 ~ 10.0 



 

 

 

 

Figure 3. Hydrographs obtained at upstream (Suraż) and downstream (Babino) sites of the Narew National Park. 

 

Figure 4. Time series of air temperature (A) and precipitation (B).  

 

2.3 Data Analysis 

In order to characterise temperature variance distribution in frequency domain spectral analyses have been 

performed on time series from each location. Spectral analyses using the Fast Fourier transform algorithm (FFT) 

are widely used in the analyses of periodic signals. However, a big drawback of the classical Fourier transform is 

the provision of evenly spaced data. Therefore, either smoothing or interpolation of missing data should be done 

before computations. These procedures might however, decrease the resolution of the data set or reduce the 

observed variability in time series. In our study, we utilised the Lomb-Scargle periodogram [4], which overcomes 

the above mentioned drawbacks. Another advantage of this method is that it can be directly applied to unevenly 

sampled data and provide almost the same quantitative information as the FFT does.  

In order to elucidate the properties of the power spectrum and detect possible power laws in water temperature 

time series we have analysed the Lomb-Scargle periodogram in log-log plots. In particular, we attempted to verify 

whether it is possible to divide the Fourier frequency into regions, where the power spectral density function (PSD) 

can be approximated by 𝑃(𝑓) ∝ 𝑓−𝛼, where P(f) is a spectral density function, f is frequency and α is the scaling 

exponent. In order to identify the scaling ranges in the PSD, the slope (exponent α) of the power spectrum was 

estimated using a linear regression by the least-squares method. Moreover, we tested whether the position of 

sampling stations along the river affects the estimates of scaling exponents by comparing scaling exponents for 

water temperature and for flow at eight stations along the 30 km reach of the Narew River. Time series used in the 

power spectral density calculations were taken at 1 hour sample intervals, thus the highest frequency that could be 

captured (the Nyquist frequency) was 0.5 hour.  

In order to assess the impact of site specific characteristics on water temperature we analysed the relation 

between water and air temperature. The assumption was: the higher correlation between air and water temperature 

at specific site, the lesser impact of site specific characteristics. For the sake of simplicity all data were treated 

collectively at 1-hour time interval. The linear regression line was computed with the least absolute residuals 

(LAR) method which gives a curve that minimises the absolute difference of the residuals. Therefore, extreme 

values have lesser influence on the fit. 

 

3 RESULTS 

The results of statistical analysis have shown that water temperature at selected sites was closely related to air 

temperature (Fig. 5). The correlation coefficient (R2) between air and water temperature ranged from 0.62 for 

Topilec to 0.78 for Bokiny 1. Moreover, the relation between air and water temperature exhibited the presence of 



 

 

hysteresis, at both daily and seasonal scales. In contrast, no significant correlation was observed between water 

temperature and water level, except for two sites Topilec and Uhowo 2 (R2 ~ 0.6). In general, we observed that 

sites with the highest correlation with air temperature, has the lowest correlation with water level.  

Figure 5. Correlation coefficients: x axis – water temperature vs. water level; y axis – water vs. air temperature. 

 

Figure 6 presents power spectral densities of water temperature (red) and water level (green) time series obtained 

at eight monitoring sites. In all plots, the peak at the frequency corresponding to one day is clearly visible, which 

indicates that water temperature corresponds to the daily cycle of air temperature and insolation. The lack of annual 

cycle in some cases could potentially be attributed to scant data sets, as the longer time series the more visible the 

average spectral signature of the annual cycle.  

The PSD slope for  water temperature is close to –1.3 for most time series, except Bokiny 1, for which is close 

to –1.77 (Fig. 6). As mentioned earlier this data set is less certain. The slope of water temperature varies slightly 

from site to site, which might be caused by the spatial heterogeneity of the reach. Surprisingly, it is similar to the 

slope of water level, except for Wólka Waniewska. The greatest discrepancy was observed at Bokiny 1. 

Interestingly, Bokiny 1 has significantly steeper slope of both, water temperature and water level power spectra. 

The increasing negative slope indicates that more variability is found in rare events rather than frequent events. 

The dominant feature of the water temperature power spectrum is the clear inverse proportionality between spectral 

power and frequency resembling the 1/f scaling. The inverse power-law distribution implies long-range 

correlations in space and time. To compare, Huang and Schmitt [5] basing on the empirical mode decomposition 

method and Hilbert transform analysed spectral characteristics of water temperature in coastal sites. They have 

reported two different power law regimes with slope –1.68 at high frequencies (1.2 – 12 hours) and –1.9 for lower 

frequencies (2 – 100 days). In contrast, Zongo and Schmitt [6] found that spectral slope of water temperature is 

close to –5/3, which corresponds to the inertial subrange of turbulence spectrum. These examples illustrate that 

the shape of water temperature power spectra reflects main features and characteristic frequencies of the system 

and thus, it strongly depends on the type of the analysed system.  

The power spectra exhibit approximate scaling regimes for almost all accessible ranges of frequency, except 

high frequencies where the noise greatly affects the shape of the estimated spectra. As pointed by Press et al. [7] 

in case of unevenly sampled data, at high frequencies the tail of spectra are usually dominated by the measurement 

noise rather than aliasing. In the PSD plots it takes a form of sharp spikes at frequencies > 100. As visible, the 

presence of these spikes at high frequencies leads to an apparent steepening of the spectrum. 

 



 

 

 
Figure 6. Power spectral density of water temperature (T) and water level (H) estimated with the Lomb-Scargle 

periodogram, in log-log plot. 

 

The scaling exponents of water temperature (α) were very consistent among stations (Fig. 7) but more variable 

for water level. It suggests some regional differences in the scaling of water level variability. However, no 

systematic trend was observed in the value of scaling exponents along the course of the river. It is also visible that 

Bokiny 1 has the lowest exponents for both, temperature and water level. The scaling reflects some natural process. 

In addition, it facilitates both the comparisons of variability in different systems and drawing conclusions on other 

indirectly related factors. As noted by Cyr et al. [8] the scaling of variability in temperature, rainfall and river 

discharge might be a good indicator of the scaling in other important factors that shape ecosystems. 



 

 

 
Figure 7. The comparison of slopes of power spectral densities of water temperature (T) and water level (H) 

from upstream to downstream location. Note that sites are arranged from downstream to upstream location. 

 

River discharges at two gauges resulted in two different shapes of the power spectrum (Fig. 8A). The discharge 

in Suraż (green) yields an average power spectrum with a slope of –0.76, whereas the power spectrum of discharge 

in Babino (red) displays a multi-fractal character with two different scaling regimes: –0.9 and –3, for high and low 

frequencies (intermediate scale from months to one year) respectively. One might also distinguish a third slope in 

low frequency range (≥ year), over which the fluctuations can be roughly approximated as white noise (α = 0.31 

± 0.18). The high frequency variations in discharge are usually attributed to rainfall events ranging from few hours 

to few days, whereas the low-frequency variations are related to the seasonal changes. To compare, as noted by 

Kirchner and Neal [9] discharge scales as white noise at low frequencies, while at high frequencies scales as a 

random walk. Kirchner [10] explains that at greater timescales the streamflow should balance all sources and losses 

resulting from precipitations and evapotranspiration. According to Thompson and Katul [11], the PSD of 

streamflow at low frequencies (seasonal and inter-annual timescales) reflects climatic properties, whereas at higher 

frequencies (daily timescales) is much more influenced by hydrological and physical features of the catchment.  

 
Figure 8. Power spectral densities of river discharge (A), rainfall (B) and air temperature (C) estimated with the 

Lomb-Scargle periodogram, in log-log plot. 

 

Similarly, the power spectral density of air temperature consists of two power-law-like regimes separated by 

a cross-over frequency corresponding to one day (Fig. 8C). In the low frequency domain the power law has an 

exponent close to –1.50, whereas for high frequencies the exponent is close to –2.20. Moreover, the second peak 

in the PSD of air temperature is observed at the frequency corresponding to one year. The multi-fractal spectrum 

indicates different rates of increase in temporal variability over time. Unlikely, rainfall time series (Fig. 8B) scale 

roughly as white noise (α = –0.15). In rainfall time series one distinctive peak can be distinguished. Notably, this 

peak overlaps with a breaking point in the PSD of discharge in Babino. It should be noted that Babino is located 

downstream of a weir, which was built in order to maintain sufficient water levels in marshes of the river. 

Therefore, the multifractal character of the discharge power spectra might be the aftermath of regulation practices.  

In general, the Lomb-Scargle periodogram has proved to be a very useful tool in the analysis of water 

temperature time series from automatic stations, where data gaps are an inherent feature of the data sets. However, 

the interpretation of results, especially at high frequencies requires some caution [4, 12]. In particular, because the 

high-frequency range is biased toward temperature dynamics during short events such as storms, whereas the low-

frequency reflects the average behaviour of temperature. Also, as pointed by Hocke and Kämpfer [13], gaps and 

non-periodic fluctuations of time series can induce false spectral components in the Lomb-Scargle periodogram. 

It results from the fact that the Lomb-Scargle periodogram often overestimates the high-frequency components 

since these spectral components minimise the variance within the gap intervals. 



 

 

4 CONCLUSIONS 

In this paper spectral analyses of original data sets were performed in order to characterise the possible regional 

variability of water temperature and identify power laws governing temperature dynamics in the anastomosing 

system. The results have shown that the anastomosing river exhibits relatively large temporal discrepancies in 

water temperature among sites. Nonetheless, the general variability of water temperature in river’s channels, which 

manifests itself in the power spectral density function, is consistent and independent of the location. The results 

have shown that the PSD of water temperature in each case follows the same scaling law with the exponent ‘-1.3’ 

and breaking point reflecting the daily cycle. Water levels follow roughly similar scaling, however, the discrepancy 

in scaling exponent among sites is higher than for water temperature. These observations provide some new insight 

into the variability of water temperature in anastomosing rivers. However, further investigations, including long-

term data sets are needed to improve our understanding of temperature variability in anastomosing river systems.   
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