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Abstract: Forecasting upstream flow amount based on downstream flow values is a new way
of managing flood risk. This kind of prediction of the flow, size, and intensity of rivers in the
alluvial aquifers is, in most cases, a challenging task due to climate change, as well as anthropogenic
impacts on river flows. The presented methodology allows for organizing and preparing measures
for flood protection, the operational work of hydropower plants, and many other usages. The
methodology consists of correlation, cross-correlation, and a rescaled adjusted partial sums (RAPS)
method. Although all methods are known, they have not been used in a methodology like the
one presented. Research is conducted on a real case study of the river Bednja, on five consecutive
hydrological measurement stations in the northwestern part of Croatia, for an available time series of
the average daily flows from 2007-2018. High correlations were observed between the five stations
along the Bednja River, with values of the correlation coefficient between 0.85 and 0.97 for the average
daily flows, and between 0.88 and 0.99 for the RAPS values. The presented analysis gives information
about similarities and connections between all five hydrological stations, which is significant and can
be used to predict flow intensity.

Keywords: flow; alluvium; correlation; RAPS; Bednja

1. Introduction and Background

It is needless to say that climate changes drastically affect the distribution of water
resources on Earth. As an essential part of the hydrological balance, river flow is also
exposed to climate changes and anthropogenic impacts, especially in water management,
i.e., regulation works and the excessive exploitation of drinking water. This makes it
difficult to predict the size and time of individual flows, especially the peaks. The general
fact is that flood hazards will increase over half the globe [1], as well as in the analyzed
area of Eastern Europe [2].

Many tools, models, and methodologies exist for such predictions/forecasting. Many of
them are not “user-friendly” and require at least basic knowledge about the input datasets. Ad-
ditionally, some of the user data are not often available. In general, such models can be broadly
classified as conceptually based and empirical models, i.e., the “black-box” approach [3]. In
conceptually based models, the flood propagation process is usually described by the Saint
Venant equations, comprising partial differential equations of continuity and momentum. In
addition to the Saint Venant equations-based models, there are also routing techniques, usually
referred as zero-order models, which were used in the past to track floodwave propagation
in a river and also for a quick assessment of flood damage [4]. Finally, empirical models are
based on evidence of relationships manifested in historical input and output records without
analyzing the internal structure of the physical process.
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A time series is a series of data points, which is a prerequisite to give a conclusion
based on analyzing the historical dataset and its patterns, understanding and matching
the current situation with patterns derived from the previous stage, and understanding
the factors influencing specific variable(s) in different periods [5]. Time series analysis
allows for the preparation of numerous time-based studies and results, i.e., forecasting,
segmentation, classification, descriptive analysis, and intervention analysis [6]. Such
research could determine trends, seasonality, cyclicity, or irregularities in series data.

Regarding hydrology, the river Bednja was a subject of research, but only in a small
number of publications. The first analysis of the hydrological properties of the river Bednja
was presented in [7], in a review form of the river basin data and figures. The last known
reference is [8], which deals with the length calculation of rivers in Croatia, where the river
Bednja is also included. There was a lot of study documentation [9], elaborated reports [10],
regulation projects [11], and similar documentation, including student theses [12,13]. These
were prepared with an accent on flood protection. In addition, this documentation deals
with the design and building of small hydropower plants [14].

Although these results, graphical data, and table data are beneficial in understanding
the characteristics of the river Bednja, further research improvements were made in a small
number of literature studies. In [15], the correlation between the precipitation from the
Bednja river basin and the flow rates measured from stations located along the river is
investigated, which results in a comparison of the values of the flow and the existing values
to forecast the flows in the future. Despite the high values of the validation (calibration)
parameters used for testing, which imply a high correlation between the modeled and
observed values, there were discrepancies regarding the maximum observed values. In
other words, the modeled values differed from the observed ones by a range of a minimum
of 5 m3/s to 10 m3/s [15]. These facts indicate difficulties in modeling flow from rivers
flowing through the alluvial river basin, regarding the observed values.

The analysis provided by [16] was based on applying the rescaled adjusted partial
sums (RAPS) method to the example of three rivers in Croatia, including the river Bednja.
The paper aimed to demonstrate the application of the RAPS method for determining the
possible irregularities and periodicities which may occur in the original time series and
cannot be observed by simple trend analysis. This research aims to define and understand
the relations between the flows of the river Bednja, as measured/calculated on the hydro-
logical gauging stations, and determine the possible alterations that impact the hydrological
regime. These are essential for predicting the river’s reaction to the basin’s natural and
anthropogenic activities. Concerning similar research, such relationships can be used for
establishing river management and designing restoration and regulation operations [5].
Such a method provides a great starting point for better understanding the river flow size
and intensity at measurement stations, which is the primary goal of the research.

2. Study Area and Dataset

River Bednja is the right tributary of the Drava River, which springs from littler streams
at the height of 300 m and creates a constant flow at the foot of Macelj, near Brezova Gora in
the northwest part of Croatia (Figure 1). It should be emphasized that Bednja is the longest
river in Croatia with a source and estuary in the same country.
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Figure 1. River Bednja in Croatia [17].

Bednja flows into the Drava River near Mali Bukovec (at a height of 136 m), and is
133 km long, while the area of its basin is 596 km? [18]. In the Bednja basin, three relief units
stand out: alluvial plain, tertiary mountains, and Paleozoic mountains. This river is selected
for its torrential flow, proximity, and accessibility compared with other rivers provided
in available publications [8]. Its flow and depth were measured constantly through five
hydrologic measurement stations, Lepoglava, Zeljeznica, Klju¢, Tuhovec, and Ludbreg,
Figure 2.
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Figure 2. Water catchment with the tributaries of the river Bednja [19].

The data on elevation, geographic coordinates, area, and maximum and minimum
flow for all five stations are given in Tables 1 and 2 [20]. The characteristics of River Bednja
are its buoyant (variable) flow, its increased flow during more considerable precipitation
periods, and its possibility of a drastic reduction in flow during summers [21].

Table 1. Elevation, geographic coordinates, and area of the measurement stations on Bednja River [20].

Me;st::iin;ent Elevation [m a.s.l.] Geographic Coordinates Area [km?]
width @ [¢““] length A [°““]
Lepoglava 219,310 46°20'66.21" 16°03/33.5" 89,800
Zeljeznica 196,828 46°21'99.2" 16°20'02.4" 307,950
Klju¢ 173,090 46°17'96.5" 16°37'79" 415,670
Tuhovec 162,850 46°21'04.8" 16°46/30.5" 469,540
Ludbreg 147,350 46°24'77.6" 16°61'96.06” 546,980
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Table 2. Flow values at measurement stations on Bednja River [20].
. Date and Minimum Flow Date and Maximum Flow
Measurement Station 3 3
[m°/s] [m°/s]

Lepoglava 30 January 1987 (0.004) 4 December 1997 (99.54)

Zeljeznica 3 February 1998 (0.134) 20 September 2017 (132.1)

Klju¢ 27 May 1993 (0.267) 5 December 1997 (104.5)

Tuhovec 31 August 1992 (0.312) 6 November 1998 (159.3)

Ludbreg 7 September 1947 (0.003) 15 July 1972 (179.3)

Input data for time series analysis consist of data from these five measurement stations
onriver flow from January 2007 to December 2018. Figure 3 shows the average daily flow of
River Bednja at each measurement station. Analyzed periods, i.e., durations, were selected
because continuous data were only available from this period, without the days with the
unmeasured, i.e., uncalculated values. In addition, statistics related to the streamflow rate
for the five measurement stations in the monitoring period are also reported in Table 3.
Proceeding from upstream to downstream, we observe an increase in the minimum, mean,
and maximum streamflow rates, with the lower values for the station in Lepoglava and the
higher for the Ludbreg one. An exception was observed for the maximum flow recorded in
Zeljeznica and equal to 122 m?/s. However, this peak is not reflected in the downstream
stations, indicating possible flooding along the river. Furthermore, the skewness ranges
from 0.80 to 0.95, indicating a positive asymmetry between the mean and median, becoming
increasingly marked from upstream to downstream.
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Figure 3. Comparison of the average daily flow of River Bednja on all five measurement stations.

Table 3. Streamflow rate statistics were computed for the measurement stations.

Lepoglava Zeljeznica Kljué Tuhovec Ludbreg
Mean (m®/s) 1.32 3.58 533 5.84 6.73
Median (m3/s) 0.52 1.48 232 2.54 3.15
Max (m3/s) 44.70 122.00 89.60 103.00 116.00
Min (m3/s) 0.05 0.27 0.67 0.82 0.91
Std Deviation 2.99 7.01 9.71 10.49 1132
(m>/s)
cv 227 1.96 1.82 1.80 1.68
1st Quartile
s 0.24 0.82 140 1.67 1.89
(m>/s)
3rd Quartile 1.12 3.02 440 5.03 6.36
(m>/s)

Skewness 0.80 0.90 0.93 0.94 0.95
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There is a similarity for all measuring stations regarding the drought period between
2011 and 2012. Furthermore, the common feature of all analyzed time series is that flows
are smaller during the summer than in spring, autumn, and winter. The precipitation and
melting of the snow explain as such.

Figure 3 shows that the biggest river flow oscillations occur at the Lepoglava and
Ludbreg stations, which is a starting point for further and more extensive flow analysis.

3. Methodology

The proposed methodology will consist of three steps.

The first step is a definition of the correlation between average daily flows for all analyzed
stations. This will be provided so that the most downstream measuring station in Ludbreg
will be analyzed concerning all other downstream stations. The measuring station in Ludbreg
has the most significant values of the average daily flows, so this is the reason to determine
Ludbreg a “dependent” measuring station. The correlation coefficient is expected to be the
smallest regarding the upstream station Lepoglava, while the correlation with the closest
measuring station in Tuhovec will be the biggest compared with all other stations.

The second step is a RAPS analysis of the particular time series of the average daily
flow, for each of the five analyzed measuring stations. This part of the research intends to
determine any possible interruptions in the original time series of the flow. Additionally,
obtained results, as well as conclusions, will give additional information about the charac-
teristics of the river Bednja. Some discordances should be determined in the first step of
the methodology.

The third step of the methodology is a RAPS analysis of the average daily flow values
between all the measuring stations. This will be provided to see if the subseries obtained in the
RAPS analysis from the second step have mutual correlations between the measuring stations.

The methodology conducted in this research consists of observing river flow data at
five consecutive measurement stations to create the best possible input data set for the
RAPS analysis.

RAPS will be made on collected and cleaned data sets of river flow to prepare a
visualization concerning time. This will provide a diagram of the calculated values, so the
stationarity of the flow series can be observed. This will lead to a better understanding of
the series nature and give the possibility to extract insight into the river flow prediction.

RAPS is a widely used method for analyzing river flow [22] and other research
areas [23,24]. RAPS gives a visual determination of subseries from input data series
using frequent statistical parameters. It provides insight into the occurrence of the trends,
data grouping, fluctuations, and similar appearances during the time, using average value
and standard deviations of the input data from the observed time series:

Y —Y
Sy

k
RAPS, =Y, | @)

where Y} is the value of the analyzed member (parameter) of the considered time series, Y is
the average value of the regarded time series, Sy is the standard deviation of the supposed
time series, n is the number of members of the considered time series,and k=1,2,...,n,
where 7 is a counter during summation.

The data provided with the RAPS method will be used in correlation analysis to
observe the association between data from five different measurement stations. In correlated
data, the change in the magnitude of 1 variable is associated with a difference in the
importance of another variable, either in the exact (positive correlation) or the opposite
(negative correlation) direction [25]. In this research, the Pearson correlation coefficient is
used on RAPS values. The Pearson coefficient ranges from —1 to +1, where 0 indicates no
linear association, and the relationship becomes stronger as the coefficient value approaches
an absolute value of 1.
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4. Results and Discussion
4.1. Correlation Analysis

The first step of the research/presented methodology is to analyze the correlations
between all the measuring stations. In this step, as mentioned earlier, all correlations will
be obtained concerning the measuring station in Ludbreg, the most downstream measuring
station. A comparison with the average daily flows will also be presented within the
correlation to see and explain connections.

In particular, Figures 4, 6, 8 and 10 provide a comparison between the time series of
the average daily flows. In contrast, Figures 5, 7, 9 and 11 provide the correlation between
the average daily flows of the different stations, with the regression line in red and the
1:1 line in black. The comparison of the average daily flows for the measuring stations in
Ludbreg and Lepoglava (Figure 4) showed a lower correlation, since Ludbreg is the most
downstream station and Lepoglava is the most upstream station, with an R? value equal to
0.5625 (see Figure 5). Moving downstream, the comparison between the measuring stations
in Ludbreg and Zeljeznica (Figure 6) highlighted a higher correlation, with R? = 0.7736
(Figure 7), which should be related to a significant increase in flow rates passing from the
station of Lepoglava to the Zeljeznica one. Getting closer to the downstream area of the
Bednja River, a considerable correlation increase was observed between the stations in
Klju¢ and Ludbreg, with R? = 0.9209 (Figures 8 and 9). However, a higher correlation was
computed between Tuhovec and Ludbreg, with R? =0.9423 (Figures 10 and 11).
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Figure 4. Comparison of the average daily flows for the measuring stations Ludbreg and Lepoglava.
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River Bednja, Ludbreg—Klju¢, 2007-2018
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Figure 10. Comparison of the average daily flows for the measuring stations Ludbreg and Tuhovec.
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Overall, the closer a single measuring station is to Ludbreg, the smaller the flow
differences and the more significant the correlation. At the upstream station in Lepoglava,
the flows are the smallest, while the flows at the downstream station in Ludbreg are the
biggest. The impact of the tributaries explains as such in Figure 2.

An overall perspective of the correlation between streamflow for the different moni-
toring stations was provided based on the cross-correlation function XCF. After calculating
the cross-correlation between the other time series, the correlation peak was detected in
intensity and lag time. The peak can be expressed as:

XCFpeqr = max(XCF) = max(/os TS1(t)TSy(t + 7)d7) )

where s is the size of the time series, equal to the monitoring period, and 7 is the lag
time [26].

Table 4 provides the cross-correlation peaks matrix, computed for the five measure-
ment stations. As can be seen, a peak reduction can be observed as the distance between the
stations increases. In particular, the lower correlation was computed between Lepoglava
and Ludbreg, the top-most and bottom-most stations, respectively. Higher correlations
were observed between nearby stations, with values of 0.93 between Lepoglava and Zel-
jeznica, 0.95 between Zeljeznica and Kljug, 0.98 between Klju¢ and Tuhovec, and 0.97
between Tuhovec and Ludbreg.

Table 4. Cross-correlation peaks matrix for the measurement stations. The red to green color bar
indicates values between 0.85 and 1.

Zeljeznica Klju¢ Tuhovec

0.93 0.87

Lepoglava Ludbreg

Lepoglava
Zeljeznica
Klju¢
Tuhovec

Ludbreg

Table 5 provides the cross-correlation lag times matrix for the five measurement
stations. In particular, lag times were between —1 day and 1 day. This indicates that the
effects of an increase (or reduction) in streamflow measured at Lepoglava can be observed
after one day at the measurement stations of Tuhovec and Ludbreg and in less than one
day at the stations of Zeljeznica and Klju¢. Moreover, nearby stations show lag times
of 0, indicating how flood or low events measured at a given station are reflected at the
neighboring station in less than 24 h.

Table 5. Cross-correlation lag times matrix for the measurement stations. The red to blue color bar
indicates values between —1 and 1.

Lepoglava Zeljeznica Kljué Tuhovec Ludbreg
Lepoglava 0 0 0
Zeljeznica 0 0 0
Kljuc 0 0 0
Tuhovec 0 0
Ludbreg 0

4.2. RAPS Analysis

RAPS analysis was made on all five data sets for each measurement station, and
diagrams are given in Figures 12-16. Analyzing the charts, the displayed RAPS values
show that Zeljeznica, Klju¢, Tuhovec, and Ludbreg have the end of the first subperiod at
the beginning of 2007, when the second subperiod of low flows begins. For the Lepoglava
station, the second subperiod of low flows starts later, in the first months of 2009, and last
shorter. For all five stations, the third subperiod of so-called high flows begins in December
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2012, but the duration is different. For Lepoglava and Zeljeznica, that period lasts until the
middle of 2018, while for Klju¢, Tuhovec, and Ludbreg, the subperiod lasts shorter and
ends at the beginning of 2016.

100 I
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Figure 12. RAPS value on flow data from Lepoglava measurement station.
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Figure 13. RAPS value on flow data from Zeljeznica measurement station.
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Figure 14. RAPS value on flow data from Klju¢ measurement station.
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Figure 15. RAPS value on flow data from Tuhovec measurement station.
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Figure 16. RAPS value on flow data from Ludbreg measurement station.

The measuring stations in Klju¢, Tuhovec, and Ludbreg have overlapping shapes.
Given their proximity to each other, this is expected, as well as with regards to the amount
of the flow. In Figure 2, it can be noticed that there are many tributaries during the entire
watershed of the river Bednja. Downstream after the source, flow amounts are small, so
the inflow from the tributaries significantly impacts the variability, i.e., the torrential news
of the flows. With increasing downstream distance from the source, the impact of the
tributaries becomes smaller, as seen in the RAPS diagram. In other words, the obtained
subseries from the two upstream measuring stations, Lepoglava and Zeljeznica, are not
overlapping, compared with those from Klju¢, Tuhovec, and Ludbreg, where flows are
becoming bigger and bigger.

4.3. Correlation of the RAPS Values

Previously conducted analysis was a further motivation to conduct the correlation
analysis on the given RAPS values. Because the Ludbreg station is the most downflow
measurement station on river Bednja, the connection between the measured flows at this
station will be compared to the data from the other four measurement stations. RAPS
correlation analysis is shown in Figures 17-20.
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River Bednja, Ludbreg—Tuhovec, 2007-2018

0
00 —250 —200 -150 —100 —-50 0 40 160

'
=]
=

y = 1.1546x+ 0.042
R*=0.9901

'
h
=)

RAPS Ludbreg

W
=3
-]

w
n
=)

w
=]
==

RAPS Tuhovec
Figure 17. Correlation of RAPS values on Ludbreg and Tuhovec measurement stations.
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River Bednja, Ludbreg—Lepoglava, 2007-2018
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Figure 20. Correlation of RAPS values on Ludbreg and Lepoglava measurement stations.

As was expected, RAPS values at all five measurement stations give a strong corre-
lation, which shows that they are connected and that the forecasting of flow values for
the most downflow stations can be made using the flow values from the most upper flow
stations on that river, besides the fact that Bednja has torrential flow.

The RAPS correlation between Ludbreg and Tuhovec is bigger than all the other RAPS
correlations because Tuhovec is the closest measuring station. This part of the research
aimed to determine if there were any fluctuations in the average daily flows between the
measuring stations.

An additional argument for the justification of the methodology, as well as for the
connection between the flow to the most downstream measuring station (Ludbreg) and
to the most upstream measuring station (Lepoglava), is the fact that the RAPS correlation
value R? is very high (0.9164). Furthermore, the values of the cross-correlation peaks and
lag times matrix (Tables 4 and 5) for the measurement stations support this.

Table 6 provides the RAPS cross-correlation peaks matrix, computed for the five
measurement stations. The highest correlation peak was observed between the nearby
stations in Tuhovec and Ludbreg. However, a marked decreasing trend with increasing
distance between the stations has yet to be observed, as seen in Table 4 with the average
daily flows. In particular, the station in Klju¢, located approximately halfway along the
investigated stretch of Bednja River, showed lower correlation peaks, with a lower value
of 0.88 with respect to the Lepoglava station and a second low peak of 0.92 for the nearby
station of Zeljeznica. The slope of the Bednja basin can describe this occurring before the
Klju¢ station, which is more significant than that after the station, and the flows at these
two parts of the river are different. Before the Klju¢ station, the floods occur on streams that
flow from the slopes of the Ivans¢ica, Ravna Gora, and Kalnik mountains, and after the
Klju¢ station, floods occur after a large amount of rain and/or melting of snow. In addition,
the river flow is from west to east, and it turns more strongly near the Prese¢no settlement,
just before the Klju¢ station, where it changes course in a north—south direction, and after
bypassing the eastern part of the Varazdin Toplica mountain, it continues to flow in an
east-west direction.
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Table 6. Cross-correlation peaks matrix for the measurement stations. The red to green color bar
indicates values between 0.88 and 1.

Lepoglava Zeljeznica Klju¢ Tuhovec Ludbreg
Lepoglava 1.00 0.95 0.88 0.97 0.96
Zeljeznica 0.95 1.00 0.92 0.98 0.98
Klju¢ 0.88 0.92 1.00 0.96 0.96
Tuhovec 0.97 0.98 0.96 1.00 0.99
Ludbreg 0.96 0.98 0.96 0.99 1.00

Table 7 provides the RAPS cross-correlation lag times matrix for the five measurement
stations. In particular, lag times were equal to 0 between all the stations, except the station of Klju¢,
for which lag times of up to 3 days (with the downstream station of Ludbreg) were observed.

Table 7. Cross-correlation lag times matrix for the measurement stations. The red to blue color bar
indicates values between —3 and 2.

Lepoglava Zeljeznica Kljué Tuhovec Ludbreg
Lepoglava 0 0 =2 0 0
Zeljeznica 0 0 =1 0 0
Kljug 2 1 0 2 ]
Tuhovec 0 0 =2 0 0
Ludbreg 0 0 =3 0 0

5. Conclusions

River flow behavior prediction is the subject of much research, given the frequent
floods caused by climate changes and the anthropogenic use of rivers. New approaches
to preparing the data for forecasting methodologies are needed to better understand the
connection between the values of river flows through the whole river, from its spring till
the end. RAPS methodology gives the visual division of low and high flow periods in time
series, using average values and standard deviations. The results of an application of the
RAPS method on data sets from five consecutive measurement stations on River Bednja
provide information about the similarities in the duration of subperiods at most of the
stations. Still, some irregularities also raise the need for additional analysis. Correlation
analysis shows the connection between all five stations according to the last (downstream)
station on the river Bednja flow, Ludbreg. The given values of the correlation coefficient,
especially the RAPS correlation coefficients, show a significant connection between all
stations. As such, it is essential for predicting flow intensity regarding flood protection,
assessing hydro-technical facilities, and monitoring the flow.
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