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Analysis of changes in monthly and m-daily maximum discharges using the MPI and
KNMI climate scenarios in the Myjava and Hron river basins in Slovakia
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The paper is focused on an evaluation of changes in average monthly discharges and selected characteristics of maximum
discharges (m-daily maximum discharges and the occurrence of maximum discharges) in the selected gauging station of
Myjava in the Jablonica profile (5022) and the Hron gauging station in the Banska Bystrica profile (7160). The Indicators
of Hydrological Alteration (IHA) software analyzed the data modelled using the MPI and the KNMI climate scenarios.
The researched time period from 1981 to 2100 was divided into 4 thirty-year periods, i.e., 1981-2010, 2011-2040, 2041—
2070, and 2071-2100. The paper aims to evaluate the changes in monthly discharges and m-daily maximum discharges
in the future as well as to determine the suitability of the simulated scenario, which describes the results from the observed
data. The results showed that droughts will continue to occur in the summer months and that the winter months will be

accompanied by higher total precipitation in the future.
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Introduction

As aresult of global climate change induced by increased
greenhouse gas concentrations, temperatures are
expected to rise; precipitation trends will evolve; and
the frequency of extreme occurrences is likely to
increase. Flooding and droughts may cause considerable
economic, social, and environmental damage as well as
injuries and fatalities, which call for the use of reliable
and accurate water supply systems (Booij, 2005).

Floods are an inherent and natural component of river
geosystems, but they can also result in severe effects in
urbanized landscapes. In Europe, and especially in
Slovakia, the intensity and frequency of precipitation
events capable of triggering excessive runoff and floods
have increased dramatically in recent years (Pisut, 2011).
Flooding can cause substantial damage or disruption to
commodities, services, human health, and crops. Despite
massive investments in flood-control infrastructures such
as levees and dams, flood losses have remained
significant over the years (Kozlowski, 1984).

Many kinds of flood analyses have treated events in
a hydrological time series as a set of variable time-order
numerical ~ values  until relatively  recently.
The approaches for modifying, modelling, and predicting
flood values that have been created and refined over time
have become more sophisticated (Hirschboeck, 1988).
The management of flows and the fragmentation of major
global river systems are attracting notice. Riverine flow

variability is acknowledged as a driving force of biotic
and abiotic conditions (Zhou et al., 2020). Hydrological
changes and their effects on ecosystems are critical to
the long-term  development of water resources.
Analyzing current regime changes is an important step
that necessitates the use of suitable indicators (Yang et
al., 2017).

River ecosystems are organized and defined by their
natural flow regimes. Physical processes, particularly
the movement of water and sediment inside a channel
and between the channel and a floodplain, establish
the physical structure of an environment and, as
a consequence, of the habitats in rivers. The quantity and
heterogeneity of sediments, the shapes of channels and
floodplains, and other geomorphic characteristics all
contribute to a river’s physical environment. As a result,
the habitat conditions of channels and floodplains differ
for each river, depending on the flow parameters and
the kind and the presence of moving materials. Different
habitat characteristics are produced and maintained by
a wide variety of flows within a river (Zeiringer et al.,
2018).

For establishing the parameters of environmental flows,
a lot of methods have been devised; each has its own set
of advantages and disadvantages, as well as requiring
varying levels of work. Some of these methodologies use
awide range of scientific skills along with complex
software models and tools (Mathews and Richter, 2007).
Historical tools may be used to address the issue of how
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many hydrological alterations are too excessive for river
systems. Historical approaches may concentrate on
specific aspects of an ecosystem, including aquatic
biology or riparian functions, instead of an overall system
(Swanson, 2002). A streamflow regime is fundamental
for stabilizing biodiversity and ecological integrity.
Extreme occurrences such as floods and droughts are
the most serious dangers to rivers caused by climate
change (Lopéz-Ballesteros et al., 2020).

According to the Nature Conservancy (TNC, 2009), large
floods have the following impacts on an ecosystem:
a new phase in the life cycle can be a trigger (insects);
they allow fish to survive and reproduce in a floodplain,
as well as offer a nursery habitat for young fish; they
ensure new food sources for fish and waterfowl; they
create diversity in types of floodplain forests through
long-term flooding (various plant species have varying
levels of tolerance); plant distribution and abundance in
a floodplain can be controlled, etc.

The identification of long-term changes in a hydrological
regime was dealt with by Pekarova et al. (2016), who
studied spatial and temporal changes in the magnitude,
duration, and frequency of high flows in the Danube
River basin. Pramuk et al. (2016) dealt with the analysis
of long-term changes in flows in selected Slovak rivers
that do not have large reservoirs (e.g., the Vah, Bela,
Kysuca, Nitra, Hron, Topl'a, Ipel’ and Krupinica rivers).
This work focused on the average annual flows and
the analysis of changes in the rising and falling rate of
flow waves. Halmova et al. (2011) focused on an
evaluation of changes in the minimum daily flows at
selected stations on the Danube River. Other authors
have also dealt with the indicators of hydrologic
alteration issue, i.e., Byung-Sik et al. (2011) and Bing
et al. (2012).

The aim of the paper is to identify long-term changes in
the hydrological regime in the selected Slovak rivers
(the Myjava and Hron) using the MPI and KNMI climate

scenarios models until 2100. We focused on changes in
the characteristics of average monthly discharges and
selected characteristics of the maximum discharges (m-
daily maximum discharges and the occurrence of
maximum discharges). The first part of the paper reviews
the literature relating to the problem. The second part
deals with a description of the IHA program, the selection
of sub-basins, the input data, and the methodology.
The third part consists of the resulting values of
the monthly discharges and characteristics of maximum
discharges.

Material and methods
Study site

The research area of the study is the Myjava River basin
in the Jablonica profile (5022) and the Hron River basin
in the Banské Bystrica profile (7160) (Fig. 1).

The Myjava River is a left-hand tributary of the Morava
River that flows through western Slovakia and a small
portion of the Czech Republic. The Myjava River is 79
km long and has an area of 806 km?. It rises near
the Moravian settlement of Nova Lehota in the White
Carpathians, but soon crosses the Czech-Slovak
boundaries and flows south until it reaches the town of
Myjava, where it enters the Myjava Hills and turns west.
It comes into the Zahorie Lowlands at Sobotiste and goes
south until it reaches the village of Jablonica; it then
swings northwest until it reaches Senica, when it turns
west, passes through Sastin-StraZe and finally empties
into the Morava River near Kuty.

The Hron River springs in the Horehronie at an altitude
of approximately 980 m.a.s.l. It is the second-longest
Slovak river with a length of 289 km; the catchment area
is 5465 km?. It is mostly a torrential river with a rapid
increase in runoff along with the flow’s longitudinal
profile.

Gauging station
® BANSKABYSTRICA (7160)
® JABLONICA(5022)
Catchment
Hron River Basin in the Banska Bystrica profile
|:| Hron River Basin

m Myjava River Basin in the Jablonica profile
E Myjava River Basin
Fig. 1.
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Location of the Myjava and Hron River basins in Slovakia.

168



Sabova, Z. et al.: Analysis of changes in monthly and m-daily maximum discharges using the MPI and...

The selection of the river basins was based on
the availability of data, their location in Slovakia, and
the rate of streamflow of the river. The Hron River has
higher flow rates than the Myjava River, especially in
the winter and spring months, when the watercourse is
affected by heavy rainfall in the form of snow or ice.
There is an increased incidence of ice floods on the Hron
River.

Methodology and input data

The Indicators of Hydrologic Alteration (IHA) software

was created by Brian Richter and colleagues between

1996 and 1998. It contains important information for

anyone attempting to comprehend the hydrological

impacts of human activities or make environmental
references to watercourses. The IHA software is mostly
used to examine how human activity has changed rivers,
lakes, and river basins over time and analyzes scenarios
for future water management (Hersh and Maidment,

2006).

To compare the features of natural and changed

hydrological modes, the IHA software version 7.1.0.10 is

employed. The program can accept many forms of daily
hydrological data (e.g., water levels, groundwater levels,
discharges). The ability to summarize long series of daily
hydrological data into useable and significant
hydrological parameters is a significant advantage of
using this application (Pramuk et al., 2016). It is based on
hydrological data within an ecosystem or data derived by

a model (Yang, 2008).

A total of 67 parameters of the IHA program are split into

two groups, i.e., 33 IHA parameters and 34

Environmental Flow Component (EFC) parameters.

These hydrological indicators were identified for their

ecological significance and capacity to represent human-

induced changes in flow regimes along with a wide
variety of factors, such as water retraction, dam
operations, groundwater pumping, and landscape

modifications (Gao et al., 2009).

The 33 IHA criteria are separated into five categories:

¢ the volume of monthly discharges,

e the magnitude of extremes (3-, 7-, 30-, and 90-day
minimum and maximum flows; the base flow index
(BFI), the number of days with zero discharges),

o yearly extremes and their timing (days of occurrences
of extremes),

¢ high and low pulse frequencies and durations (a day
is defined as a pulse if the value of a discharge is more
significant or lower than the present threshold),

e changes in the flow rate and frequency (based on
changes in the sequential daily discharges) (Halmova
etal., 2011).

The five categories of the IHA EFC parameters are

extreme low flows, low flows, high flow pulses, small

floods, and large floods (Hersh and Maidment, 2006):

e Low flows - In most rivers, this is the most common
flow state. A river’s low-flow levels are maintained
by groundwater discharges, which have a significant

impact on the quantity and diversity of species that
may exist in the river;

e Extreme low flows — During droughts, water levels
decrease to critical levels, which can be stressful for
many species but maybe inevitable for others (TNC,
2009);

e High-flow pulses — These situations occur, for
example, when heavy rains or snowmelt causes rising
water to surpass low flow levels but not the banks of
rivers;

e Small floods — This value accounts for all rises in
the water level during a main overflow, but excludes
extreme floods (Halmova et al., 2011);

o Large floods — Large floods usually reorganize
ariver’s biological and physical structure, including
its floodplain. These extreme floods flush out many
life forms, reducing certain populations while
simultaneously ~ providing new  competitive
advantages for other species. Large floods may also
have a role in the formation of critical ecosystems,
such as oxbow lakes and floodplain wetlands (TNC,
2009).

The National Research Council of the National Academy

of Sciences in USA (The National Research Council,

2005) developed a conceptual model to classify

the natural flow regime into four components (Fig. 2):

e Subsistence flow: during extreme drought situations,
the minimum streamflow required to maintain
acceptable water quality and allow a minimal aquatic
habitat space for the survival of aquatic species is
known as subsistence flow.

o Base flow: the normal discharge conditions observed
in a river between storms in the base flow, and it
provides enough habitats for varied, native aquatic
species while also maintaining groundwater levels to
sustain riparian vegetation.

e High flow pulses: are of short duration, but are high
discharges inside a stream channel that occur during
or shortly after a storm event discharges fine sediment
deposits and waste products; they restore the normal
water quality after continuous low flows and offer
longitudinal connections for the migration of species
throughout the river.

e Overbank flows: are rare, high-flow occurrences that
cause riverbanks to be destroyed. Overbank flows can
reshape channels and floodplains, restore
groundwater tables, provide nutrients to riparian
plants, and connect channels to floodplain ecosystems
that provide extra food for aquatic species (Hersh and
Maidment, 2006).

In this study, the input data consists of average daily
discharge data observed (OBS) from the 1981-2010
period. The observed data were provided by the Slovak
Hydrometeorological Institute. We also modelled
the average daily discharge data using the MPI and
the KNMI scenarios in the time period of 1981-2100.
The methodological approach of the non-parametric
statistical processing of the daily series of flows
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Example of a daily streamflow hydrograph depicting flow components

Table 1. Selected time periods used in the study
Data Time period
First period OBS, MODEL, MPI and KNMI 1.1.1981 - 31.10.2010
Second period MPI and KNMI 1.11.2010 — 31.10.2040
Third period MPI1 and KNMI 1.11.2040 — 31.10.2070
Fourth period MPI and KNMI 1.11.2070 — 31.10.2100

measured at the gauging stations in the Hron River and
Myjava River sub-basins was used. The hydrological
characteristics of the daily discharges were calculated for
four periods, i.e., 1981-2010, 2011-2040, 20412070,
and 2071-2100, which we can see in Table 1. We used
modelled data (MODEL) in the first period to
a comparison with both climate scenarios. To model
the average daily discharges, the HBV rainfall-runoff
model was used (Vyleta et al., 2020).

The hypothetical climate scenarios used in this study are
the Dutch KNMI (with the A1B emission scenario) and
the German MPI (with the A1B emission scenario).
These regional circulation models use the ECHAMS5
global model’s outputs as the boundary terms for solving
equations. Both models are linked, i.e., they are
atmosphere-ocean cycle models with gas emissions and
aerosol effects on changes in radiative forcing (Roncak
and Surda, 2019).

In Slovakia, the MPI and the KNMI regional climate
models have 19x10 grid points with a precise topography
and a suitable representation of all the topographic
features greater than 25 km. The daily means,
the maximum and lowest air temperatures, the daily
means of the relative air humidity, the total daily
precipitation, the daily wind speed means, and the daily
totals of the global radiation are among the variables for
which scenarios have been developed (Roncak et al.,
2021).

Results

First, we focused on an analysis of the changes in

monthly discharges in both gauging stations selected. We

looked at the resulting discharge values from several
points of view:

a) A comparison of the simulated monthly discharges
using the MPI scenario and modelled data (MODEL)
in the first time period (1981-2010),

b) A comparison of the simulated monthly discharges
using the KNMI scenario and modelled data
(MODEL) in the first time period (1981-2010),

¢) A comparison of the changes in the simulated
monthly discharges using the MPI and the KNMI
scenarios until 2100.

The analyses of the changes in the monthly discharges at

the Jablonica (5022) gauging station revealed (Table 2):

a) The highest mean monthly discharges are
concentrated for the MODEL data (2.65 m® s™) and
simulated data using the MPI scenario (2.99 m®s?) in
March in the first period. The largest differences
between the MODEL and simulated data using
the MPI scenario occur in April and June.

b) When we compared the MODEL and simulated data
using the KNMI scenario, the highest monthly
discharge also occurs in March (2.65 més?).
The simulated data using the KNMI scenario are
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close to the MODEL data, that’s why the KNMI
scenario is a better choice for similar analyses in
the future at the Jablonica gauging station.

c) If we focus on the results of the simulated data using
the MPI and the KNMI climate scenarios throughout
the period under study, we observed that
the simulated data using the MPI scenario have an
upward trend in the second period, but in
the following period, the average monthly values of
the discharges decrease. This decline continues until
2100, with the exceptions of November, February,
March, and June. On the other hand, the modelled
data using the KNMI scenario show a declining trend
in the second time period (except for the months of
December, January, February, September, and
October). In the third period, according to this
scenario, the average monthly values of
the discharges will average 1:1 (decrease:increase).
In the last research period up to 2100, the mean
monthly discharges will decrease, especially in
the summer months. The decreases occurring in
the mean monthly discharges may be due to a higher
incidence of drought in the study area in the future.

Using the IHA method (Table 3), it was determined for

the Banska Bystrica (7160) gauging station that:

a) According to the simulated data using the MPI
scenario, the highest average monthly discharges
occur in April (42.94 m® s?), and in the same month
we record the highest mean monthly discharges of
the MODEL data (36.26 m®s) in the first period. For
the average monthly discharges, the use of simulated
data using the MPI scenario is also a better choice for
similar analyses in the future because the scenario
describes the closest reality.

b) The simulated data using the KNMI scenario show
the highest monthly discharges also in April
(32.27 m3sY).

¢) In terms of their future changes, the simulated data
using the MPI and the KNMI scenarios in December,
March, April, May, and September show the same
trend, i.e., an increase in the values of the average
discharges in the second period examined, a decrease
in the next period, and again, in the fourth time
period, an increase in the values of the average
discharges. The simulated data using the MPI
scenario show an increase by 2100 in January and
February. Within the simulated data using the KNMI
scenario, we can observe a decrease in the average
monthly discharges up to 2100 in June and July.

The second part of the analysis deals with changes in
the m-daily maximum discharges and the occurrence of
maximum discharges.

We found that the MODEL data of m-daily maximum
discharges at Jablonica (5022) gauging station, see
Table 4, are underestimated in the first time period
compared to the simulated data using MPI and KNMI
scenarios in the 1-daily and 3-daily maximum discharges.
With a view to the future, the simulated data of
the m- daily maximum discharges using the MPI will
increase in the first thirty years, then decrease and
increase again by 2100. The simulated data using
the KNMI scenario have approximately the same average
final values of the m-daily maximum discharges until
2040, and by 2100, its values will also increase.

The occurrence of the maximum discharge until 2010
was in March. According to the scenarios, it will be
moved to February by 2040, and by 2070, the maximum
discharges will occur again in March. In the last thirty-
year period surveyed, the occurrence of maximum
discharges is divided into two months, i.e., February and
March.

The greatest changes in the m-daily maximum discharges
occurred in the course of the 1-day maximum discharge.
In Fig. 3, we can see the course of the 1-daily yearly

Table 2. Median values of the mean monthly discharges at the Jablonica (5022)
gauging station [m? s1] for the selected period
Myjavgf OBS MODEL  MPI KNMI MPI KNMI MPI KNMI MPI KNMI
2gglzozr;lca 1981-2010 2011-2040 2041-2070 2071-2100
November 0.58 0.50 0.60 0.60 0.72 0.58 0.50 0.52 0.64 0.59
December 0.63 0.88 0.99 0.84 1.48 1.89 1.38 1.88 131 1.87
January 0.72 1.19 1.22 1.17 1.48 2.02 2.21 2.67 1.89 2.81
February 121 1.53 1.62 1.61 2.70 2.17 2.59 2.54 3.05 3.42
March 1.48 2.65 2.99 2.65 3.01 2.39 2.64 291 3.84 3.03
April 1.34 2.21 2.62 2.27 2.68 1.89 3.20 2.66 2.59 3.31
May 1.15 1.26 1.60 1.58 1.49 1.35 1.86 151 151 1.66
June 0.85 0.92 1.36 1.08 111 0.94 0.90 0.83 0.95 0.72
July 0.65 0.69 0.67 0.77 0.83 0.51 0.62 0.43 0.48 0.31
August 0.41 0.44 0.39 0.37 0.41 0.34 0.33 0.41 0.28 0.26
September 0.44 0.35 0.56 0.39 0.56 0.46 0.31 0.28 0.26 0.27
October 0.42 0.30 0.37 0.33 0.55 0.61 0.48 0.54 0.43 0.47
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Table 3. Median values of the mean monthly discharges at the Banska Bystrica (7160)
gauging station [m? s*] for the selected period
Hron — Banska | ©BS ~ MODEL  MPI KNMI MPI KNMI MPI KNMI MPI KNMI
Bystrica (7160) 1981-2010 2011-2040 2041-2070 2071-2100
November 12.63 10.93 11.61 12.61 15.31 13.77 11.01 11.22 14.36 11.12
December 1428 13.30 12.16 14.51 20.25 24.18 18.46 22.64 24.89 27.44
January 11.82 11.60 10.59 13.83 13.98 21.14 20.09 26.38 24.43 24.42
February 1157 1117 13.10 17.37 16.38 25.44 26.56 23.79 28.58 31.69
March 2329 2458 24.60 23.97 24.61 27.86 31.60 31.50 34.74 32.01
April 4096 36.26 4294 32.27 37.93 27.71 39.87 34.60 38.63 37.48
May 30.61 26.72 28.34 25.18 25.00 23.60 28.84 26.48 25.38 22.00
June 2130 25.38 27.61 25.61 23.77 19.45 23.78 17.88 22.48 15.35
July 16.35 19.00 17.50 17.81 19.95 15.50 17.19 13.12 13.05 10.34
August 1212 12.85 13.76 13.54 13.18 9.90 11.71 11.92 10.61 9.02
September 10.06  10.69 11.36 10.30 12.11 12.44 10.22 9.49 9.48 8.73
October 9.98 10.39 10.54 9.93 14.54 12.67 11.19 10.43 12.56 9.82
Table 4. M-daily maximum discharges and the occurrence of maximum discharges for
the Jablonica (5022) gauging station for the selected period

OBS MODEL  MPI KNMI | MPI KNMI MPI KNMI | MPI KNMI

Myjava — Jablonica (5022)
1981-2010 2011-2040 2041-2070 2071-2100

1-day maximum 8.92 6.09 6.80 6.48 9.06 6.53 6.70 7.19 6.96 8.64
3-day maximum 6.72 5.84 6.58 6.29 8.61 6.31 6.30 6.87 6.84 8.27
7-day maximum [mis1] | 454 5.47 6.11 5.93 7.87 5.79 5.87 6.50 6.62 7.75
30-day maximum 3.13 4.07 4.52 4.79 5.74 4.42 4.49 5.02 5.58 5.78
90-day maximum 212 2.69 3.07 3.11 4.11 3.27 3.64 3.62 4.09 4.01
Date of maximum | [month] | March  March March  March | February February | March March | March  February

maximum discharges of the MODEL data until 2010, and
the simulated 1-daily yearly maximum discharges from
the MPI and the KNMI climate scenarios models until
2100.

Within the 7-day maximum discharge characteristics,
the changes in flow rates decreased in the first period
examined (Fig. 4). According to the simulated data using
the MPI and the KNMI climate scenarios better,
the resulting values of the 7-day maximum discharges
describe the MODEL data. The simulated data using
the KNMI scenario show a calmer course in the future
than the MPI scenario.

The second gauging station discussed is the Banska
Bystrica (7160), in which the following results were
determined by analyses of changes in the m-daily
maximum discharges (Table 5): using the MPI scenario
in the period 1981-2010, the simulated m-daily
maximum discharges contain the lowest resulting values

(compared to the MODEL and simulated data using the
KNMI scenario). The discharges modelled using the MPI
scenario will increase in the second time period, but the
simulated discharges using the KNMI scenario will
decrease. The occurrence of the maximum discharges is
in March. Maximum discharges may also occur in April
until 2100.

Even in this case, figures were created to better represent
changes for 1-day yearly maximum discharges (Fig. 5)
and 7-day yearly maximum discharges (Fig. 6) for the
Banska Bystrica (7160) gauging station. The simulated
data using MPI and KNMI scenarios show extremes for
1-day yearly maximum discharges in 1987. The
simulated MPI scenario is more suitable for the Banska
Bystrica (7160) gauging station than to examine other
analyses because his course of 7-day yearly maximum
discharges is more extreme than the simulated KNMI
scenario.
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Fig. 3. 1l-day yearly maximum discharges for the MODEL (1981-2010) and
the simulated data using the MP1 and the KNMI scenarios (1981-2100) for the Jablonica
(5022) gauging station.
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Fig. 4.  7-day yearly maximum discharges for the MODEL data (1981-2010) and
the simulated data using the MP1 and the KNMI scenarios (1981-2100) for the Jablonica
(5022) gauging station.

Table 5. M-daily maximum discharges and the occurrence of maximum discharges for
the Banska Bystrica (7160) gauging station during the studied period
OBS MODEL MPI KNMI MPI KNMI MPI KNMI MPI KNMI
Hron — Banské Bystrica (7160)
1981-2010 2011-2040 2041-2070 2071-2100

1-day maximum 116.10 87.23 79.21 92.09 | 95.36  86.51 82.83 85.18 82.70 94.85
3-day maximum 97.90 83.35 76.01 84.59 92.05 8196 79.08 80.47 79.23 91.41
7-day maximum [m3sh 81.01 78.13 70.74 78.86 86.84 7217 69.40 71.35 74.66 83.04
30-day maximum 59.38 55.63 52.28 55.25 | 62.43 50.57 51.09 56.72 58.03 56.51
90-day maximum 40.53 39.66 39.65 39.36 | 41.86 36.03 39.75 40.52 43.04 44.63
Date of maximum [month] May April April May April  April March March April March
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1-day yearly maximum discharges for the MODEL data (1981-2010) and

the simulated data using the MPI and the KNMI scenarios (1981-2100) for the Banska

Bystrica (7160) gauging station.
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7-day yearly maximum discharges for the MODEL data (1981-2010) and

the simulated data using the MPI and the KNMI scenarios (1981-2100) for the Banska

Bystrica (7160) gauging station.

Conclusion and discussion

In our work, we dealt with changes in the average
monthly discharges until 2100, changes in the m-daily
maximum discharges, and the occurrence of maximum
discharges until 2100 in the Jablonica (5022) gauging
station and in the Banskd Bystrica (7160) gauging
station. We used the IHA program, version 7.1.0.10, in
which we focused on the characteristics of the m-daily
maximum discharges, i.e., 1-day, 3-day, 7-day, 30-day
and 90-day maximums, and the occurrence of maximum
discharges. We worked with three groups of data, i.e.,
the observed data, the MODEL data and simulated data
using the MP1 and KNMI scenarios until 2100. The time
period of 1981-2100 was divided into 4 groups, i.e.,
1981-2010, 2011-2040, 2041-2070, and 2071-2100, in
which we monitored changes in the hydrological
characteristics investigated.

The following characteristics were noted at the Jablonica

(5022) gauging station:

e The highest average monthly discharges occur in
the months of February, March, and April.
The simulated average monthly discharges using
the MPI scenario increase until 2040 and then
decrease until 2100 (except for November, February,
March, and June). The simulated average monthly
discharges using the KNMI model scenario decrease
until 2040; by 2070, the final values of the average
monthly discharges do not significantly differ, and by
2100, their values will decrease, especially in
the summer months.

e Within the m-daily maximum discharges, it was
determined in this study that there are no significant
differences in the first time period between
the MODEL and simulated data using the MPI and
the KNMI scenarios. The occurrence of maximum
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discharges is in February and March. The most
extreme fluctuations of the resulting m-daily
maximum discharges occur from 2080 to 2100.

For the Banska Bystrica (7160) gauging station it was

determined in this work that:

e The highest monthly discharges occur in the months
of March and April. The simulated monthly
discharges using the MPI and the KNMI scenarios
have similar course in December, March, April, May,
and September: they increase by 2040, decrease by
2070, and increase by 2100.

e At this gauging station, we see more extreme
fluctuations of the m-daily maximum discharges than
at the Jablonica (5022) gauging station investigated.
The occurrence of maximum discharges is
concentrated in the months of March, April, and May.

In general, it was found that the simulated data using
the KNMI scenario are more suitable for the Jablonica
(5022) gauging station because it shows the smallest
differences in the resulting values from the observed and
MODEL data compared to the MPI scenario. At
the Banska Bystrica (7160) gauging station, on the
contrary, the simulated data using MP1 scenario are more
suitable for the future predictions.

A significant finding is that the maximum discharges at
the Banska Bystrica (7160) gauging station occur in April
and May and that their occurrence will shift by 2100 for
the months of March, and April. This can be caused by
warming of the climate (rapid melting of snow in
the winter months) and an increase in total precipitation
in the colder period of the year. The model outputs
assume that the summer precipitation regime should
change to periods of more frequent droughts (a decrease
in the average monthly discharges).

In the summer months, such changes, i.e., a reduction in
total precipitation and an increase in the variability of
total precipitation are expected to last longer. The aspects
noted are the reason for the emergence of dry periods and
the emergence of short-term rainy periods (Mind’as et al.,
2011). According to the study “Climate change and its
possible consequences in cities” (Lapin et al., 1997),
the increase in winter runoff by 2075 may change as
follows: northern Slovakia 10-40%, central Slovakia:
20-50%, and southern Slovakia 30-80%.

With the help of the IHA program, it is possible to
investigate further changes in the characteristics of a
hydrological regime, and changes in the basic settings of
the IHA program can achieve the results desired for
various watercourses around the world.
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Peak maxima on the rivers of the Prut and Siret basins (within Ukraine)

Stanislav MOSKALENKO, Liudmyla MALYTSKA"

The study performed in the article revealed how the daily mean maximum discharge of water runoff and peak discharge
of water runoff corresponding to this day on the rivers in the Prut and Siret basins are correlated. There are only the upper
reaches of these rivers with a total catchment area of 11300 km? within Ukraine. Climatic (significant precipitation) and
orographic (35% of the territory of these basins is mountain Carpathians) conditions of the Prut and Siret basins contribute
to the formation of significant maxima on rivers during rain floods, which often become dangerous with devastating
effects and provide the highest peaks in the year. The analysis of maxima is based on the use of historical series of
observations at 12 hydrometric gauges. As a result, we found that for small rivers in the mountains, maximum peaks
exceed the daily mean maximum discharges on average by 1.8-2.0 times. In the foothills with an increase in the area of
the studied catchments and with a decrease in slopes and heights they exceed by 1.4-1.7 times, and with access to the plain
— by 1.0-1.3 times. Such research is influential in assessing and forecasting the hazard of the hydrological situation on

rivers.

KEY WORDS: Prut and Siret rivers basins, Ukraine, maximum river runoff, daily mean maximum discharge of water runoff, peak

discharge of water runoff

Introduction

The maximum river runoff is one of the important
extreme regime characteristics of river water runoff. It
causes various manifestations of catastrophic situations
(flooding of territories, settlements, destruction of
bridges, buildings, hydraulic structures, etc.). High rises
in water levels and a corresponding increase in water
discharges are observed on rivers during periods of
spring freshets and floods. They depend on the intensity
and duration of water supply to the watershed basin
surface, also the flow rates and the state of the catchment.
The maximum river runoff is observed at the peak of
the main wave of floods or freshets. The maximums on
the rivers are characterized by the daily mean maximum
discharge of water runoff (defined as an average over
the periods daily measurement) or peak discharge of
water runoff (the absolute maximum of the day). On
small rivers, there could be significant differences in
values between these maximum values, but the larger
the river, the smaller these differences. Especially, such
differences can be traced in mountainous regions, where,
flowing from mountains with large slopes, rivers pass
into the foothills and then go to the plain or lowland
(Lukianets and Moskalenko, 2019b; Lukianets et al.,
2019).

The main purpose of the study is to identify how the daily

mean maximum and peak maximum of water runoff of
the day on the rivers in the Prut and Siret basins are
related. This is an influential issue in assessing and
forecasting the hazard of the hydrological situation
on rivers.

Prut and Siret are the rivers in southeastern Europe
(Fig. 1). They belong to the Danube river basin (Black
Sea basin) and they are its left tributaries. Only the upper
reaches of the Prut and Siret rivers are located within
Ukraine. They originate in the Carpathian Mountains.
The length of the Prut River in Ukraine is 272 km,
the Siret River is 115 km. The total catchment area of
these rivers in Ukraine is 11300 km? (Lukianets and
Moskalenko, 2019a). The heights of the terrain in these
basins are distributed as follows: 55% of the study area is
within the heights of 200-400 m a.s.l., 16% — 400-800 m
a.s.l. and 29% — above 800 m a.s.l.

The Prut and Siret river basins (within Ukraine) belong
to areas with a complex nature of atmospheric processes
and weather conditions that associated with the location
of the watershed basins on the border of circulating
systems of temperate and subtropical latitudes and with
a pronounced influence of mountain systems. For
the south of Eastern Europe, Ukraine, and for the basins
of the Prut and Siret rivers, the following circulation
features are most characteristic: the predominance of
the anticyclonic circulation during the year; increased

177



Acta Hydrologica Slovaca, Volume 22, No. 2, 2021, 177 — 186

Fig. 1.

Area of investigation.

activity of atmospheric processes and sudden changes in
weather in the cold season; weakening of the activity of
atmospheric processes and the development of intensive
convection in the warm season.

Average annual precipitation in the Prut and Siret basins
generally increases with the height of the area from 630—
660 mm to 1400-1420 mm (Balabukh and Lukianets,
2011). In some years, the annual amount of precipitation
can reach from 940 to 1850 mm (also according to
the altitude of the territory). However, there were years
when they did not exceed 370-560 mm in most parts of
basin, and 1000 mm at an altitude above 1000 m.

In the water regime, spring floods are observed, but rain
floods prevail in the warm season. They are those who
acquire the nature of dangerous phenomena with
destructive consequences and provide high maximums
per year. Snow — rain floods of the cold period occur on
the studied rivers, but they are not typical.

The intensity of the development of rain floods in
the basins of the Prut and Siret rivers can be represented
by the following data. In the section of the gauging
station on mountain rivers, the time interval between
the onset of the precipitation core and the flood
maximum from a drainage area of 1000-1200 km? is 6—
10 hours (Grebin et al., 2012). The mountainous part of
the basins belongs to the main flow formation zone.

Material and methods

To accomplish the tasks set, statistical methods for

® Hydrological gauge Terrain
I lake B 67
~ — river network B8 729
[ Prut river- Chemivtsi watershed | 1525

| 2321
B 3117

i 1 siret river- Storozhynets watershed
- [ Ukraine border

processing hydrometeorological information were used
(determining the numerical characteristics of random
variables,  testing  statistical  hypotheses  for
the homogeneity of data series, statistical analysis of
dependencies between variables, etc.).

A database has been created for a long-term period —
the daily mean maximum water discharge and
the maximum peak water discharge corresponding them
on the rivers of the Prut and Siret river basins. There are
12 gauging stations in the study area, which monitor
the flow of water in rivers. Eleven of them are located in
the Prut basin and 1 gauging station is in the Siret basin.
Table 1 lists the hydrological gauges, periods of water
flow monitoring, and hydrographic characteristics of
rivers and their catchment areas.

Analyzing the hydrographic characteristics (Table 1), we
see that the watersheds in the Prut basin have a fairly
large range of their average heights — 450-1200 m.
The average height of the Siret — Storozhynets’ river
basin is 590 m. The areas of the studied watersheds in the
Prut basin vary from 18.1 km? (Kam"yanka river — Dora)
to 1500 km? (Cheremosh river — Usteriky). The point to
the outlet of the Prut River basin within Ukraine is
the city of Chernivtsi (Prut river- Chernivtsi) with
a catchment area of 6890 km?. The catchment area of
the Siret river — Storozhynets’ is 672 km?.

The source data bank (daily mean maximum water
discharge and corresponding them the maximum peak
water discharge) was created from the beginning of
observations up to 2016 inclusive. At 83% of
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Table 1. Hydrographic characteristics of rivers and their catchments of the Prut and Siret
river basins
Fall of River basin
the river [%o]
5] -
, . & IS
River — Hydrological gauge Observation period E’ =) S 3 %
(number of years) © = 2 s % S,
s £ & Sz g S z
IS < = c ¥ © 5 O
E 2 g © © ’q'_, = o
S (5 o (<5} £ S (] o
< = < SE & =2 =2
Siret river — Storozhynets’ 1953-2016 (64) 9.3 4.7 672 590 144 <1 b1
Prut river — VVorokhta 1978-2016 (39) - - 48.3 - - - -
Prut river — Krementsi 1959-2016 (57) 275 119 366 1000 285 O 85
Prut river — Yaremcha 1950-2016 (67) 21.8 9.6 597 990 281 0 87
. - 1895-1911, 1920-1924,
Prut river — Chernivtsi 19261935, 1945-2016 (109) 7.8 3.6 6890 450 - <1l 42
Kam"yanka river — Dora 1946-2016 (71) 111 66.4 18.1 870 446 0 76
Chornyava river — Lyubkivtsi 1984-2016 (32) - - 333 - - - -
Cheremosh river — Usteriky 1957-2016 (59) 9.8 9.0 1500 1100 - 0 51
Bilyy Cheremosh river - 1958 2016 (59) 190 102 552 1200 334 0 56
Yablunytsya
Chornyy Cheremosh river —
Verkhovyna 1958-2016 (59) 16.7 114 657 1200 321 0 57

19592016 (58)
19632016 (54)

Il'tsya river — I1'tsi
Putyla river — Putyla

40.2 305 861 1100 303
24.2 15.8 181 960 325

52
50

[eNe)

hydrological stations on the rivers of the Prut and Siret
basins have observation periods for water runoff of
54+72 years, only 2 stations have an observation period
less than 40 years.

Results and discussion

Statistical parameters were determined for the series of
maximum peak water discharge, as the most important in
practical application in hydrological calculations and
forecasts. Variation coefficient of maximum annual peak
water runoff on the rivers of the Prut and Siret basins in
the vast majority vary in the range of 0.8-1.0.
The skewness coefficients have positive values and they
are generally in the range of 1.8-2.5 (Table 2).

Relative values of root mean square errors on [%)] for each
gauge is determined by the Eq. (1):

op = £(100- C,)/Vn M)

where
C. — variation coefficient,
n —number of years of continuous observations.

The relative values of the root mean square errors do not
exceed 15-20%. The highest value 0,=19.8% was
obtained for Chornyava river — Lyubkivtsi, which is
explained by a short series of observations. But in
general, the series of observations of the maximum water
runoff on the studied rivers are representative.

A guantitative assessment of the temporally homogeneity
of the maximum annual water discharges at a 5%
significance level on the rivers of the Prut and Siret

basins was carried out according to the standard
parametric criteria of Student and Fisher (Table 3). One
of the most stringent, the Wilcoxon test, was used from
nonparametric criteria (Table 4).

Checking the equality of mean values by Student's test
(statistics t) and equality of variance by Fisher's test
(statistics F) showed that the hypothesis of homogeneity
of samples of the maximum annual water runoff for all
rivers of the Prut and Siret basins is accepted. The result
is the same for Wilcoxon's test (statistics of the number
of inversions U).

Due to the fact that water discharge is directly dependent
on the catchment area of the river, the water discharge of
two or more different rivers is incomparable, because
their catchment areas are not the same. To enable a spatial
comparison of the maximum values on the rivers of
the Prut and Siret basins, was used such characteristic as
the specific discharge of water runoff. This indicator
shows the amount of water (dm? or liter) flowing down
in one second (1 s) from a unit area (1 km?) of the river
basin. Or, we can say that the specific discharge of water
runoff is the discharge rate from 1 km? of the basin as
shown in Eq. (2):

q=1000-Q-F! )
where
q - specific discharge of water runoff [1 s* km?],

1000 —conversion factor from cubic meters to cubic
decimeters or liters,

Q  —discharge of water runoff [m3s1],

F  —catchment area [km?].
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To clarify the differences in the values of the specific
discharge of water runoff (daily mean maximum vie with
the corresponding peak maximum) on the rivers of
the Prut and Siret basins, we constructed dependences
between the indicated characteristics.

Fig. 2 shows that the relationships between the maximum
mean daily specific discharge and the corresponding
maximum peak specific discharge on the rivers of
the investigated catchments are quite significant.
The approximation coefficients R? vary from 0.59 to
0.97, which corresponds to the correlation coefficients r

Table 2.
Prut and Siret basins

— from 0.77 to 0.98. But the ratios themselves between
the daily mean maximums and the corresponding peak
maxima on the rivers of the Prut and Siret basins are
different.

To identify patterns in detected differences graphs of
relations between the maxima and the mean altitude of
the catchments and their areas were constructed. (Fig. 3).
As follows from Fig. 3 the greatest ratio between the peak
maximum and daily mean maximum of water discharge
is observed in small mountain watersheds with mean
altitude of 1000-1200 ma.s.l. where, the peak maxima

Statistical parameters of the maximum peak water runoff on the rivers of the

River — Hydrological gauge Catchment Maximum annual water runoff (peak values)

area Normals Variation ~ Skewness  Relative

Discharge Specific coefficient coefficient root mean
of water  discharge of Cv Cs square
runoff water runoff error o,

[km?] [m3s7] [Is'km?] [%]
Siret river — Storozhynets’ 672 177 265 0.96 2.62 12.0
Prut river — Vorokhta 48,3 31.6 666 0.56 1.42 8.92
Prut river — Krementsi 366 121 331 0.72 217 9.55
Prut river — Yaremcha 597 309 518 0.84 2.26 10.3
Prut river — Chernivtsi 6890 1131 164 0.83 1.99 9.84
Kam"yanka river — Dora 18.1 15.2 855 0.83 1.55 9.88
Chornyava river — Lyubkivtsi 333 22.7 68.2 1.12 2.22 19.8
Cheremosh river — Usteriky 1500 393 261 0.60 2.05 7.80
Bilyy Cheremosh river — 552 158 285 0.84 1.80 11.0
Yablunytsya
Chornyy Cheremosh river — 657 164 250 0.85 291 11.0
Verkhovyna
II'tsya river — Il'tsi 86.1 42.1 489 0.99 2.06 13.0
Putyla river — Putyla 181 62.0 343 0.94 1.86 12.8

Table 3.
of the rivers of the Prut and

Results of the test for the temporal homogeneity of the maximum water runoff

Siret basins according to parametric criteria

(Student’s and Fisher’s) at a significance level of 2a = 5%

River — Hydrological gauge

Homogeneity criteria

Student’s, statistics t

Fisher’s, statistics F

Statistics value Results of Statistics value Results of
empirical analytical hypothesistest empirical analytical hypothesis test
te ta te< ty Fe Fa Fe<Fa

Siret river — Storozhynets' 0.15 2.00 homogenous 1.26 2.14 homogenous
Prut river — Vorokhta 0.13 2.04 homogenous 3.49 2.86 heterogeneous
Prut river — Krementsi 0.67 2.01 homogenous 1.94 2.19 homogenous
Prut river — Yaremcha 1.56 2.00 homogenous 3.37 2.10 heterogeneous
Prut river — Chernivtsi 0.94 2.00 homogenous 2.02 2.06 homogenous
Kam"yanka river — Dora 0.81 2.00 homogenous 1.46 2.06 homogenous
Chornyava river — Lyubkivtsi 0.48 2.07 homogenous 3.18 3.33 homogenous
Cheremosh river — Usteriky 0.82 2.01 homogenous 1.38 2.17 homogenous
Bilyy Cheremosh river — 0.16 2.01 homogenous 2.01 2.17 homogenous
Yablunytsya
Chornyy Cheremosh river — 0.88 2.01 homogenous 1.96 2.18 homogenous
Verkhovyna
II'tsya river — Il'tsi 151 2.01 homogenous 1.46 2.19 homogenous
Putyla river — Putyla 1.25 2.01 homogenous 1.46 2.25 homogenous
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Table 4.

Results of the test for the temporal homogeneity of the maximum water runoff

of the rivers of the Prut and Siret basins according to nonparametric criteria
(Wilcoxon’s) at a significance level of 2a = 5%0)

River — Hydrological gauge Empirical analytical critical values of Results of
guantity of statistics, Ua hypothesis
inversions, Ue lower U, | upper U, u test

Siret river — Storozhynets’ 528 366 658 homogenous
Prut river — Vorokhta 150 120 260 homogenous
Prut river — Krementsi 438 283 529 homogenous
Prut river — Yaremcha 648 405 718 homogenous
Prut river — Chernivtsi 680 474 822 homogenous
Kam"yanka river — Dora 565 460 800 homogenous
Chornyava river — Lyubkivtsi 127 76.0 180 homogenous
Cheremosh river — Usteriky 490 306 564 homogenous
Bilyy Cheremosh river — 366 306 564 homogenous
Yablunytsya

Chornyy Cheremosh river — 474 306 564 homogenous
Verkhovyna

Il'tsya river — I1'tsi 331 294 547 homogenous
Putyla river — Putyla 309 251 478 homogenous

typically exceed in 1.8-2.0 times the daily ones. From
catchments with mean altitude of 400 m a.s.l. such ratios
decrease to 1.1-1.3 with increasing catchment area.
Mentions of catastrophic floods in the area of
investigative appear in chronicles and in literary sources
from the 12th century (1229, 1230, 1464, 1668, 1674,
1700, 1730, 1750). The longest series of observations of
the maximum water runoff has a hydrological gauge on
the Prut River near the city of Chernivtsi (since 1895).
See Table 1. But such observations are intermittent.
According to the available data (Fig. 4) it can be stated
that for the last 120 years in the Prut and Siret basins high
maxima during floods were observed in 1897, 1908,
1911, 1930, 1941, 1948, 1955, 1969, 1974, 1996, 2008,
2010 (Tymulyak, 2012).

There is not enough information about the characteristics
of some floods, for example, about the flood in
September 1941, but it is known from the literature that
then flood waters flooded settlements in the river valleys
of the Prut basin, and led to significant destruction and
casualties.

At other hydrological stations, systematic observations of
maximum water runoff began mainly in the 1950s
(Table 1).

To be able to compare the intensity of formation of
maximum peak values on the rivers of the Prut and Siret
basins we performed a standard conversion of maximum
peak specific discharge to modular coefficient through
the process of normalization kg (3):

ki =4/ q €))

where

q; —maximum peak specific discharge for long-term
period [l s* km?],

q —normal value of maximum peak specific discharge
[1stkm2].

Fig. 5 shows temporal change of modular coefficients in
different regions of the investigated area for the period of
observations 1945-016.

As we can see, in the spatial relation (Fig. 5A-B) high
floods (at kq > 2) occur synchronously in both regions of
the study area, although different intensity of peak peaks
is noticeable. Over the past 60—70 years in the Prut river
basin extremely high peak runoff (kq = 5) was noted in
1969 and currently it remains the absolute maximum
(Fig. 5A). In the basin of the Cheremosh and Siret rivers,
an extremely high maximum, which was reached during
the observation period (Fig. 5B), was recorded in 2008
(kq= 5 as well).

Fig. 5C presents temporal change of modular coefficients
for small mountain rivers. Their catchment areas do not
exceed 180 km?, and the mean altitude of the basins is
900-1100 ma.s.l. On such rivers it is possible to allocate
many equivalent high peak maxima in different years. It
is caused by sensitivity of small mountain catchments
and their fast reaction to heavy local rains in mountains.

Table 5 contains values of extremely high maximum
peak specific discharge which were formed during the
observation period (1969-2008) on the rivers of the Prut
and Siret basins. Their comparison is shown in Fig. 6.
The largest maximum peak specific discharges
associated with small mountain catchments and reach
values 30003500 | s* km?,

On the rivers of the Prut and Siret basins maximum
values are ten times higher than the average annual
runoff. To identify the influence of the maximum peak
runoff at an average annual runoff of the rivers of Siret
and Prut basins we constructed correlations between
them. The generalization of such influence is carried out
by the coefficient of determination denoted R? and
presented on Fig. 7. It is an indicator of the degree of
connection between variables and shows the share of
the scatter relative to the mean value, which is
"explained" by the constructed regression.
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Table 5. Maximum peak water runoff on the rivers of the Prut and Siret basins
River — Hydrological gauge Area of the river Mean altitude Maximum peak specific discharge
basin [Istkm?]
[km?] [mas.l] 1969 p. 2008 p.
Siret river — Storozhynets' 672 590 1214 1336
Prut river — Vorokhta 48.3 - - 1805
Prut river — Krementsi 366 1000 1413 746
Prut river — Yaremcha 597 990 2563 1327
Prut river — Chernivtsi 6890 450 755 579
Kam"yanka river — Dora 18.1 870 2939 3028
Chornyava river — Lyubkivtsi 333 - - 161
Cheremosh river — Usteriky 1500 1100 707 1000
Bilyy Cheremosh river — 552 1200 672 1359
Yablunytsya
Chornyy Cheremosh river — 657 1200 1304 1018
Verkhovyna
II'tsya river — I1'tsi 86.1 1100 2230 1707
Putyla river — Putyla 181 960 652 1331
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Maximum peak annual water runoff in small river (from
catchment areas of 100-200 km?) has little effect on
the value of the average annual, only 15-20% (Fig. 7).
For rivers with catchment areas of 500-2000 km?,
the formation of the average annual runoff by 30-50%
determines the values of maximum peak. For
hydrological gauge on the Prut river that is located near
the city of Chernivtsi (Prut river — Chernivtsi) with
the largest catchment area of 6890 km? the degree of such
impact increases to 60%.

Conclusion

The physical and geographical conditions of the Prut and
Siret river basins (first of all, climatic and orographic)
contribute to the formation of significant maxima on
the rivers. The study area has elements of mountain and
foothill orography. The water regime of rivers is
characterized by spring freshets, but rain floods in
the warm period of the year predominate, and snow-rain

floods of the cold period are not inherent in these
catchments. It is in the warm period we observe
the greatest maximum peaks over the year, which have
arather intensive development during their formation.
The time interval between the onset of the precipitation
core and the maximum flood for the catchment area of
1000-1200 km? does not exceed 6-10 hours. Therefore,
between the peak maximum and daily mean maximum
on the rivers of Prut and Siret basins are observed
significant differences in values. In mountain watersheds
with mean altitude of 1000-1200 m a.s.l, the peak
maxima typically exceed in 1.8-2.0 times the daily ones.
From catchments with mean altitude of 400 m a.s.l. such
ratios decrease to 1.1-1.3.

The highest maximum peaks of water runoff on the rivers
in the Prut and Siret basins during the observation period
were recorded in 1969 and 2008. The highest maximum
peak specific discharge can reach 3000-3500 | s km2
on small mountain rivers with small-scale catchment
areas.
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Evaluation of flow frequency on streams in the South Moravian Region
for the last 40 years

Pavel COUFAL"

The aim of the mentioned article is to evaluate the flow frequency in selected water gauging stations in the South Moravian
Region from the CHMI network over the last 40 years. Use derived series of M-day discharges for evaluation, which are
based on the flow duration curves of the time series of mean daily discharges and the corresponding probabilities of
exceeding. The series of M-day discharges in the observed profiles will be evaluated for the current reference period
1981-2010 and the newly proposed period 1991-2020. To orientate the trend analysis in the time series, use a mass curve
of mean daily discharges. The result will therefore be to describe the changes in flow frequencies between these reference
periods. The above-mentioned results and conclusions will serve for practical use in applied hydrology, e.g. as a basis for
determining the minimum discharges in water management and other purposes within the provision of standard
hydrological data of surface waters according to CSN 75 1400.

KEY WORDS: South Moravia, flow frequency, minimum discharges, flow duration curve, Morava River

Introduction

The South Moravian Region is specific in terms of
hydrography in that most of it lies in flat depressions,
where the largest watercourses in Moravia have their
mouths. The Morava River, draining the Jeseniky and
Beskydy Mountains, or Svratka, flowing through the city
of Brno, brings water from areas of several thousand of
these squares. These watercourses flow through larger
cities, where a possible increase or longer decrease of
flows to historical lows can have a significant impact on
the socio-economic sphere. The aim of this concept is to
evaluate the flow frequency at selected water gauging
stations of the CHMI network for a period of 40 years.
The findings are then used to compare the series of M-
day discharges in the observed profiles between
the current reference period 1981-2010 and the newly
proposed period 1991-2020. Use a mass of curve of
mean daily discharges to orientatively analyze the trend
in time series. These evaluated time series are used in
applied hydrology as a basis for providing standard
hydrological data of surface waters according to CSN 75
1400.

Material and methods
Selection of suitable water gauging stations

Before the actual analysis of flow frequency on streams

in the South Moravian Region, it was first necessary to
select suitable water gauging stations (see Fig. 1) to meet
the criteria in the length of the time series of mean daily
discharges of 40 years, i.e. from 1 November 1980 to 31
October 2020 (hydrological year used).

The length of the 40-year period was chosen because it
corresponds to the beginning of the time series of daily
mean discharges, which was used to evaluate
the reference period 1981-2010, which is still used in
applied hydrology in providing hydrological data
according to CSN 75 1400 to the overlap between the two
reference periods addressed and the subsequent
expression of the differences between them. Time series
from Czech hydrometeorological institute were used for
the mentioned analyzes (hereinafter only abbreviated as
CHMI).

Characteristics of selected water gauging stations are
given in Tab. 1. The specified elevation (above sea level)
is defined as the zero line of a depth gauge at water
gauging station (gauge zero level). Basin area (catchment
area in km?) is derived from GIS. The StraZnice station
has the largest catchment area and the Kyjov station has
the smallest catchment area. The characteristics of mean
discharge Qa (meaning long-term mean discharge),
the annual rainfall amounts (meaning the average amount
of rainfall per catchment area) and the mean annual
runoff (mm) are derived for the current reference period
1981-2010. The runoff coefficient is then determined as
the ratio the runoff height to the amount of rainfall.
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Fig. 1.  Location of selected water gauging stations in the South Moravian Region.
Table 1. Characteristics of selected water gauging stations in the South Moravian Region
Gauging station River Elevation Basinarea Mean discharge Annual Rainfall Mean Annual ~ Runoff
Qa amounts Runoff coefficient
[ma.s. L] [km?] [m3s?] [mm] [mm]
Straznice Morava 163.3 9144.83 59.33 718 205 0.29
Podhradi nad Dyji  Dyje 348.4 1755.49 8.81 652 158 0.24
Skryje Bobriivka 310.1 222.01 1.45 687 206 0.30
Zidlochovice Svratka 177.9 3938.12 15.05 649 121 0.19
Skalni Mlyn Punkva 342.5 154.17 0.93 644 191 0.30
Ivancice Jihlava 194.0 2679.98 10.39 614 122 0.20
Kyjov Kyjovka 185.9 117.49 0.26 621 68 0.11
The Kyjov station has the lowest value of the runoff —m-03 1)
coefficient, which is caused by a large loss of run-off n+04
water from rainfall. Where

Processing of time series and evaluation of a series
of M-day discharges

For the sake of clarity and to provide an overview of flow
frequency in the given years, flow frequency data were
displayed graphically in mean annual discharges with
indication of reference periods. The comparison of
the series of M-day discharges will be displayed in
tabular form. For the subsequent evaluation of
the differences in the long-term mean discharge and
the series of M-day discharges in water gauging stations
between the currently used (1981-2010) and the newly
designed reference period (1991-2020) determined
according to the formula of Chegodaev (1).

m — is the order of the given value in the time series,
which is arranged in descending order (ie in the first
place is the highest value of mean daily discharge in
30 years),

n —isthe number of values in the time series (in 30 years
it is almost 10 960 values mean daily discharges).

Chegodaev's formula is used to calculate the probability
of exceedance because we work with time series of mean
daily discharges, which are almost always a sample from
the basic statistical set, for which we do not know all
the values that could probably occur in a given time
series. Thus, the last value of the series does not have
a probability of occurrence of 1 or 100 %, but has a lower
probability of exceedance (Némec, 1964).
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From the displayed flow duration curve (FDC) it is then
possible to derive a discharge value for a given
probability. So, for example, to express a 355-day
discharge, we derive a value from the flow duration curve
with a probability of occurrence of 97%. The value of
the long-term mean discharge is then calculated as
the arithmetic average of all mean daily discharges over
30 years. Evaluation of N-year discharges is not the aim
of this concept.

To analyze the trend in the time series used, the method
of a mass curve of mean daily discharges is used, where
the trends of discharges over a period 40 years can be
clearly displayed. The method of the mass curve consists
in first converting the time series of mean daily
discharges (according to Kanok, 1999) into a cumulative
form. The cumulative series is determined by successive
addition of individual values, so that the last value of
the cumulative series has the value of the sum of all
values of mean daily discharges. By converting this
cumulative series into a relative series by gradually
dividing the individual values with the value of the sum
of all daily discharges. For each value of the cumulative
series, its share in the whole series is created as
a percentage. We will convert this relative series of daily
discharges into a graphical form with the interpolation of
the trend line. From this graph, it is then possible to
clearly derive how the daily discharges behaved over 40
years in terms of deviations (breaks) from the trend line.

Results
Morava River Basin

In the case of the Morava river basin in the South
Moravian Region, the evaluated mean daily discharges
from the StraZnice water gauging station for the last 40
years were used. The StraZnice station has a catchment
area of 9145 km? and is located in the flat depression
Dolnomoravsky tval, where extensive outflows into
floodplain forests occur at higher flows.

The graphical representation of the mean annual
discharges shows the period of minimum flows 1989 to
1993, which contrasts sharply with the following period

1995 to 2002, when the mean annual discharges
remained above 60 m3s? (see Fig. 2). Above all, it is
worth mentioning the extensive regional floods in July
1997, when discharges of more than a century occurred
occurred in the Morava river basin. If we focus on
the subnormal period of flow frequencies (when
discharges fell on average below 50 m®s?), then from
1980 to 1990 there were several, but it was compensated
by abnormally water years above 60 m® s, In the period
of the last 10 years (2010 to 2020), however, these
compensations did not occur; on the contrary, in the years
2017-2019 the annual discharges fell below 30 m3 s™.
An example is the mean daily discharge in the Moravia
river in Straznice from 20 August 2018, which was only
3.2m®s? (see Fig. 4), which is below the level of even
the lowest value of 364-day discharge in both solved
reference periods of series of M-daily discharges. These
facts were then reflected in a decrease in the long-term
mean discharge (Qa) in Straznice by 8%, in minimum
discharges by up to 15%, which is evident from Table 2.
From the analysis of the trend in the time series by
the mass curve method, it was found that the mean daily
discharges in the 80's are balanced around the trend line.
From the 1990s onwards, there were first declines in
the minimum flows, which were offset by increases
between 1997 and 2014. Since 2015, the trend has been
significantly declining (see Fig. 3).

Dyje River Basin

On the example of the Podhradi nad Dyji water gauging
station over the last 40 years, periods with maximum and
minimum annual discharges are evident (see Fig.5).
Significant decreases in annual flows at the turn of
the 1980s and 1990s and also between 2016 and 2019 are
most noticeable here. Here the flows fell to lows,
when the mean annual discharge fell significantly below
4 m®s? (in mean daily discharges, especially in August
2018, flows decreased to historical lows). Maximum
discharges occurred during major flood events in 1985—
1988, 1996, 2002-2006, 2009-2010 and also in 2013.

In addition, compared to the reference period 19812010,
the newly proposed period 1991-2020 includes a longer

Morava - StraZznice
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Mean annual discharges in the water gauging station Straznice (Morava) for

the period from November 1980 to October 2020 with indication of reference periods.

Source of used data: CHMI.

189



Acta Hydrologica Slovaca, Volume 22, No. 2, 2021, 187 — 199

Morava - Straznice
100 =

% Reference period 1991 - 2020

Reference period 1981 - 2010
80 z

70
60 z
50
40 =
30
20
10
0

cumulative daily discharge [%]

1980
1982
1984
1986
1987
1989
1991
1993
1994
1996
1998
1999
2001
2003
2005
2006
2008
2010
2012
2013
2015
2019

Fig. 3.  Mass curve of mean daily discharges in the water gauging station Strdznice
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Table 2. Comparison of series of M-day discharges for the current and proposed
reference period in the water gauging station StraZnice (Morava)
M-day discharges [m® 5] Difference

19812010 19912020 [%]
Qa 59.3 54.7 -8
Qsod 135 124 -8
Qsod 93.1 85.9 -8
Qood 72.6 66.2 -9
Q120d 57.7 53.7 -7
Qus0d 475 444 -7
Qisod 39.6 36.7 -7
Q210d 335 31.0 -8
Q240d 28.1 25.4 -9
Q270d 23.3 20.8 -11
Qs00d 185 16.6 -10
Qs30d 14.1 12.6 -11
Qsssd 9.10 8.00 -12
Qs64d 5.30 4.49 -15

Fig. 4.  The water level of Morava river in the StrazZnice water gauging station
on 20 August 2018 at a time when only about 3 m® s flowed here.

period with the occurrence of minimum flows (2014—  1989/90). In this case, we do not consider the overlapping
2019) than in the previous case (here only in 1983/84 and  period 1991-2010. From the results of the comparison of
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the series of M-day discharges for both periods (see
Table 3.) it is clear that the long-term mean discharge for
the period 1991-2020 will be 11% lower than for
the previous period. The minimum values in a number of
M-day discharges will be lower by up to 45% (364-day
discharge) precisely due to the already mentioned
decreases in flows in the years 2016 to 2018 (mean daily
discharges often fell below 0.5 m® s?).

From the analysis of the trend in time series by the mass
curve method, it was found that the daily discharges
compared to the Straznice station in the period 1987-90
have an upward trend. Since the 1990s, there have been
falls to the minimum discharges, which have been offset
by increases between 2009 and 2014. Since 2015,
the trend has been declining significantly (see Fig. 6).

Svratka River Basin

Svratka is one of the most important watercourses in the
region. It flows through the built-up area of the city of
Brno and is the waterfront tributary to the Nové Mlyny
reservoir system. In addition to the water meter station
directly on Svratka (Zidlochovice), a water meter station
on a significant tributary of the Svratka — Bobrtivka
(Skryje) was used for water analysis. This more or less
unaffected station was chosen both because it drains
asignificant part of the runoff from the adjacent
Vysoc¢ina Region, but also because the flows in the period
2016-2018 dropped very significantly to the values of
historical lows. According to data from hydrometric
measurements of CHMI staff, only 20 | st was measured
here on 21 August 2018, which is, according to available
records, the lowest measured instantaneous discharge in
the history of this water gauging station. Thus, when we
compare the reference period, it is clear that the years
1980 to 1987 were more watery in the first period, and
only then at the turn of the 80s and 90s there was
a significant decrease in annual flows below 1 m3s ! (see
Fig. 7). In contrast, the years 2010 to 2019 in the newly
proposed reference period were below normal in terms of
flow frequency. The long-term mean discharge for
the period 1991-2020 will therefore be 9% lower than for

the previous period and in minimum daily discharges
there will be a decrease of up to 39% due to historical
significant low water levels (see Table 4).

From the analysis of the trend in the time series by
the mass curve method, it was found that the daily
discharges in the period 1981-1986 and 1997-2000 are
essentially balanced around the trend line. Between 1991
and 1996, there were decreases to minimum flows. To
the upward trend then between 2009-2014. Since 2015,
the trend is declining (see Fig. 8).

The Zidlochovice water gauging station, which also
includes the Svitava, Bobrava and Litava river basins,
was used to evaluate changes in flow frequencies over 40
years directly at Svratka. From the course of the mean
annual discharges, it is quite clear that the new reference
period 1991-2020 will include significantly lower flow
frequencies than in the current period 1981-2010 (see
Fig. 9). This is mainly due to significant drops in flow
frequencies in the period 2016-2018.

While in the years 1980-1990 the mean annual
discharges reached over 20 m®s?, in the years 2011—
2020 this did not happen at all and the annual discharges
reached the maximum level of the long-term mean
discharge (Qa). From the results of the comparison of
the series of M-day discharges (Table 4.) for both
periods, it is clear that the long-term mean discharge for
the period 1991-2020 will be 7% lower than for
the previous period.

From the analysis of the trend in the time series by
the mass curve method, it was found that the daily
discharges in the period 1981-1986 and 1997-2009 are
essentially balanced around the trend line. In other
periods, the graphic representation is very similar to
the Skryje station (see Fig. 10). The minimum values in
the series of M-day discharges will be lower by up to 17%
(364-day discharge) due to the already mentioned
decreases in daily discharges in the years 2016 to 2018.
It is clear that the occurrence of historically significant
minimum discharges also affected the supply of large
reservoirs in the Svratka river basin, which kept runoff at
the necessary minimums so that they themselves had
enough water for their own management.
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Fig. 6.  Mass curve of mean daily discharges in the water gauging station Podhradi
nad Dyji (Dyje) for the period from November 1980 to October 2020 with indication
of reference periods. Source of used data: CHMI.

Table 3. Comparison of series of M-day discharges for the current and proposed
reference period in the water gauging station Podhradi nad Dyji (Dyje)
M-day discharges [m? s] Difference

19812010 19912020 [%]
Qa 8.81 7.86 -11
Qsod 20.2 18.5 -8
Qeod 12.7 115 -9
Qood 9.25 8.40 -9
Q120d 7.39 6.68 -10
Q150d 6.05 5.42 -10
Qisod 5.07 450 -11
Q210d 4.30 3.78 -12
Q240d 3.68 3.21 -13
Q270d 3.11 2.73 -12
Qs00d 2.57 2.27 -11
Qs30d 1.97 1.72 -13
Qsssd 1.30 1.05 -19
Qs64d 0.80 0.437 -45
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Fig. 7.  Mean annual discharges in the water gauging station Skryje (Bobrivka) for
the period from November 1980 to October 2020 with indication of reference periods.
Source of used data: CHMI.
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Fig. 8.  Mass curve of mean daily discharges in the water gauging station Podhradi
nad Dyji (Dyje) for the period from November 1980 to October 2020 with indication
of reference periods. Source of used data: CHMI.

Table 4. Comparison of series of M-day discharges for the current and proposed
reference period in the water gauging station Skryje (Bobriivka)
M-day discharges [m?s] Difference

19812010 19912020 [%]
Qa 1.45 1.32 -9
Qsod 3.50 3.20 -8
Qsod 2.20 2.02 -8
Qood 1.60 1.49 -7
Q120d 1.24 1.17 -6
Q1s0d 0.985 0.943 -4
Qisod 0.809 0.782 -3
Q210d 0.686 0.660 -4
Q240d 0.575 0.540 -6
Q270d 0.480 0.432 -10
Qs00d 0.391 0.347 -11
Qsz0d 0.300 0.262 -13
Qsssd 0.203 0.156 -23
Q364d 0.118 0.072 -39
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Fig. 9.  Mean annual discharges in the water gauging station Zidlochovice (Svratka)
for the period from November 1980 to October 2020 with indication of reference periods.
Source of used data: CHMI.
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Fig. 10. Mass curve of mean daily discharges in the water gauging station Zidlochovice
(Svratka) for the period from November 1980 to October 2020 with indication
of reference periods. Source of used data: CHMI.

Table 5. Comparison of series of M-day dischargesv for the current and proposed
reference period in the water gauging station Zidlochovice (Svratka)
M-day discharges [m?® s] Difference

1981-2010 1991-2020 [%]
Qa 15.1 14.0 7
Q3o0d 30.7 27.9 -9
Qsod 21.5 195 -9
Qood 17.0 15.6 -8
Q120d 13.9 13.0 -6
Q1s0d 11.9 114 -4
Q1sod 10.5 10.1 -4
Q210d 9.37 9.15 -2
Q240d 8.38 8.23 -2
Q270d 7.50 7.42 -1
Qso0d 6.72 6.62 -1
Qsz0d 5.85 5.70 -3
Qsssd 4.45 4.32 -3
Qs6ad 3.68 3.06 -17

Moravian Karst

The hydrological regime in the Moravian Karst is very
specific and that is why it was included in the evaluation
of differences in flow frequencies between the two
reference periods.

For the purpose of evaluating flow frequency over 40
years, the Skalni Mlyn water gauging station on
the Punkva watercourse was selected, which is located
below an extensive cave system. Data from this station
can provide us with a partial overview of how the cave
systems of the Moravian Karst affect the runoff of
rainwater in surface waters. According to the graphical
expression of annual discharges over 40 years (See
Fig. 11), it is clear that, similarly to the Svratka river
basin, the years 1980 to 1987 are evident here, which
were more favorable to higher discharges, and only then
decrease of annual discharges up to 0.5 m® s. The years
2010 to 2019 in the newly proposed reference period

were below normal in terms of flow frequency, the long-
term normal was exceeded only in 2013. In 2017 and
2018, the mean annual discharge decreased to 0.3 m® s?,
which was the lowest decrease in 40 years. In the mean
daily discharges in the station, the minimum values
appeared from 28 to 31 August 2018, when there was
adecrease to only 75 | s (below the level of 364-day
discharge), which was also confirmed by hydrometric
measurements. During this hydrometric measurement on
August 29, 2018, 75 | s* was measured at the lowest
value since 1928. It is also interesting to delay
the occurrence of historical minimum discharges in this
station for the period from 28 to 31 August 2018
compared to all mentioned stations where minimal
discharges occurred most often from 12 to 24 August
2018, which could be caused by the influence of the cave
system of the Moravian Karst. The above-mentioned
facts were subsequently reflected in a decrease in
the long-term mean discharge (Qa.) between periods
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by 11%. In minimal discharges in the reference period  1984-1985. Compared to other stations, there is a much
1991-2010, this is a decrease of up to 21% (see Table 6).  smaller trend to lower discharges in the 1990s. The most
The analysis of the trend in the time series by the mass  significant is clearly the declining trend since 2015
curve method shows smaller declines around the years  (see Fig. 12).
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Fig. 11. Mean annual discharges in the water gauging station Skalni Mlyn (Punkva)
for the period from November 1980 to October 2020 with indication of reference periods.
Source of used data: CHMI.
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Fig. 12.  Mass curve of mean daily discharges in the water gauging station Skalni Mlyn
(Punkva) for the period from November 1980 to October 2020 with indication of
reference periods. Source of used data: CHMI.

Table 6. Comparison of series of M-day discharges for the current and proposed
reference period in the water gauging station Skalni Mlyn (Punkva)
M-day discharges [m® s] Difference

1981-2010 1991-2020 [%]
Qa 0.933 0.827 -11
Q30d 2.28 2.00 -12
Qeod 1.40 1.25 -11
Qood 0.990 0.884 -11
Q120d 0.733 0.649 -12
Qis0d 0.557 0.503 -10
Qis0d 0.456 0.398 -13
Q210d 0.366 0.321 -12
Q240d 0.306 0.259 -15
Qz70d 0.252 0.210 -17
Qso0d 0.200 0.175 -13
Qsso0d 0.165 0.146 -11
Qsssd 0.129 0.114 -12
Qs64d 0.105 0.083 -21
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Jihlava River Basin

The Ivancice water gauging station was chosen to assess
the flow frenquency of the Jihlava river basin.
The Ivancice station is located below a very important
confluence junction of the Jihlava, Oslava and Rokytna
watercourses. In this station, which already has an area
of 2680 km?, a water flowing practically from half of
the Vysoéina Region flows.

A significant influence on the river Jihlava is the system
of reservoirs DaleSice — Mohelno in close proximity to
the nuclear power plant Dukovany. The outflow from
these reservoirs stabilizes the fluctuations and fall of
the flow frequency to the minimum discharges, which is
clearly evident from the table (Tab. 7), where there was
a significant decrease in long-term mean discharge Qa
between periods by 12%, but the difference in 364-day
discharge remained unchanged. The decrease in the long-
term mean discharges and other data between the periods
in Table 6 is due, as in the previous case, to the period

1980-1989 with the occurrence of higher discharges
(e.g. floods in May 1985), which does not occur within
the reference period 1991-2020. Instead, it is
significantly below normal in the newly proposed period,
only in 2013 and 2020 are annual discharges at least at
the level of normal. Other years are below normal,
the largest decreases are recorded in 2017 and 2018
(see Fig. 13).

From the analysis of the trend in the time series by
the mass curve method, it was found that the daily
discharges around 1988-1989 and 2010-2014 have
an upward trend. Between 1992 and 1996, there were
decreases to minimum flows. Since 2016, the trend is
declining (see Fig. 14).

Kyjovka River Basin
Kyjovka (referred to in the older maps as Stupava) is

an example of a watercourse, where the occurrence of
hydrological drought in the period 2016-2018 caused
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Fig. 14. Mass curve of mean daily discharges in the water gauging station Ivancice
(Jihlava) for the period from November 1980 to October 2020 with indication of reference

periods. Source of used data: CHMI.
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significant differences in minimum flows between
reference periods. The Kyjov water gauging station was
chosen for the evaluation of flow frequencies.
The Kory€any water reservoir is located in the upper part
of the Kyjovka catchment area, but with the growing area
of the catchment area, its influence on the water stability
in Kyjovka is weakening. In addition, in the last 5 years,
thedam of the reservoir has been undergoing
reconstruction, so it operated for most of the year in
the inflow-outflow  regime, which means that
the Kory¢any reservoir could not sufficiently improve

the flow frequency in Kyjovka. As can be seen from
the graphical and tabular expression of flow frequencies
at the Kyjov station, the difference in long-term mean
discharge between periods by 6%, but in the minimal
discharges (364-day discharge) is over 60 (see Fig. 15
and Tab. 8).

Significant increases in the period 1980-1984, 1987—
1990 and 2009-2014 can be identified from the graphical
expression of daily discharges trends. Significant
downward trends are in the period 1991-1997 and since
2016 (see Fig. 16).

Table 7. Comparison of series of M-day discharges for the current and proposed
reference period in the water gauging station Ivan¢ice (Jihlava)
M-day discharges [m® s[ Difference

1981-2010 1991-2020 [%]

Qa 104 9.15 -12

Qsod 24.6 19.9 -19

Qsod 14.6 13.1 -10

Qood 111 10.2 -8

Qu20d 9.25 8.45 -9

Q150d 7.98 7.18 -10

Qisod 7.00 6.10 -13

Q210d 6.13 5.17 -16

Q240d 5.34 4.49 -16

Q27od 4,52 3.84 -15

Qs00d 3.78 3.28 -13

Qs30d 3.09 2.90 -6

Qsssd 2.50 2.39 -4

Qs64d 1.60 1.60 0
Table 8. Comparison of series of M-day discharges for the current and proposed

reference period in the water gauging station Kyjov (Kyjovka)

M-day discharges [m® s Difference

1981-2010 1991-2020 [%]
Qa 0.255 0.240 -6
Q3od 0.493 0.479 -3
Qsod 0.329 0.321 -2
Qood 0.262 0.254 -3
Q120d 0.220 0.209 -5
Q1s0d 0.190 0.176 -7
Qas0d 0.170 0.156 -8
Q210d 0.151 0.139 -8
Q240d 0.137 0.121 -12
Q270d 0.120 0.103 -14
Qso0d 0.105 0.086 -18
Q330d 0.088 0.068 -23
Qss5d 0.065 0.039 -40
Q364d 0.040 0.015 -62
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Fig. 15. Mean annual discharges in the water gauging station Kyjov (Kyjovka) for

the period from November 1980 to October 2020 with indication of reference periods.

Source of used data: CHMI.
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Conclusion

Based on the above results, it is clear that the dry period
2015 to 2020 had a significant role in the flow
frequencies of watercourses in the South Moravian
Region than the dry period in the 1990s. The average
flow frequencies for the period 1981-1991, which are
included in the still valid reference period 1981-2010,
were more favorable than the average flow frequencies in
the period 20112020, which are included in the newly
proposed reference period 1991-2020. This difference
affects the decrease in long-term mean discharge (Qa)
and other data within M-day discharges. The effect of
the dry season is noticeable in all selected water gauging
stations, e.g. in the Straznice station (Morava) there is
a noticeable decrease in the long-term mean discharge
between periods by 8%. The most significant decrease is
evident in the quantiles around the 300-day to 364-day
discharge, which represent the minimum flows in a given
watercourse (up to 15%).

The most significant decrease in the long-term mean
discharge in the newly proposed reference period from
the evaluated water gauging stations will be evident in
the Ivancice station (Jihlava) by 12%, as the more watery
80s will fall out of the 1991-2020 reference period
(e.g. floods in May 1985). On the contrary, the smallest
decrease from the evaluated stations will be evident in
the station Kyjov (Kyjovka) by 6%. In minimal flows,
however, the situation is exactly the opposite. The value
of the 364-day flow in the new period will be unchanged
in Ivancice (this is most likely due to the stabilization of
fluctuations and the prevention of water drop to
minimum flows due to manipulations at the outflow from
the Dalesice — Mohelno reservoir system). In Kyjov,
however, there will be a noticeable decrease of up to
62%, which is the largest difference between the periods
of all evaluated stations. On average, of all evaluated
stations, this is a decrease in the long-term average flow
by 9%, in the minima it is a decrease of 28% in the period
1991-2020.
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Furthermore, from the data of water gauging stations,
e.g. from the Svratka river basin, it is clear that
the occurrence of historically significant minimum flows
also affected the supply of large water reservoirs, which
kept runoff at the necessary minimums so that they
themselves had enough water for their own management.
The Skalni Mlyn water gauging station (Punkva) in
the Moravian Karst was also evaluated for interest. There
is a noticeable decrease between periods in the long-term
mean discharge (by 11%). In addition, a hydrometric
measurement was performed in the station profile
(August 2018), where, according to available data,
the historically lowest flow since 1928 was measured.
where minimal flows occurred most often from 12 to 24
August 2018, which could be caused by the influence of
the cave system of the Moravian Karst.

The above-mentioned analyzes of the trend of mean daily
discharges confirmed the above. The results support
the conclusions describing the differences between
the two reference periods. Above all, there is a significant
dry period in all stations since 2015-16, where
a significant declining trend in daily discharges is
evident. These conclusions are evident from various
other outputs of the author of this paper. For example,
the Evaluation of Minimum Discharges on Watercourses
in the South Moravian Region for the period 2015-2018
(Coufal, 2019) or the same for the last 10 years

(Coufal, 2020) can be mentioned. The problem with
the dry season is also evident in other parts of the Czech
Republic, for example in the Vysocina Region (Coufal et
al., 2018).

The results and conclusions will serve for practical use in
applied hydrology, e.g. as a basis for determining
the minimum residual flows in water management and
other other purposes in providing standard hydrological
data of surface waters according to CSN 75 1400.
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Extreme low flow change analysis on the Tysa River within Ukraine

Liudmyla GORBACHOVA", Borys KHRYSTIUK

In the current conditions of a changing climate, which directly affects the variability of river runoff, it is very important
to have the knowledge about the trends of its extreme flow. Extreme low flows, just like floods are causing a significant
material damage. The Tysa River has the two periods with the low flow during year. In addition, some years are dry and
such years can be observed for several years in a row. This research used the Indicators of Hydrologic Alteration method
(IHA) for investigation of extreme low flow characteristics and their changes along the Tysa River within Ukraine.
The research was carried out based on the observations of 4 gauging stations that are located along the Tysa River within
Ukraine. The mean daily discharges were used from the beginning of observations until 2018 inclusive. It turned out that
at the Tysa River — Vylok Village gauging station the low flow trends differ from the trends at other gauging stations that

are located in the upper part of the Tysa River.

KEY WORDS: extreme low flow, IHA, Tysa River, statistical analysis

Introduction

Knowledge of low flow trends is important for practice,
especially for design, construction and operation of
hydraulic structures on rivers, as well as for shipping,
agriculture, etc. Extreme low flows, just like floods are
causing a significant material damage. It should also be
borne in mind that many scientists predict that in
the warmer climate the droughts will become more
common in the future. Longer periods of low flow and
a decrease of discharge values, and for some rivers their
complete disappearance are expected (Wimmer et al.,
2015; Loboda and Bozhok, 2016; Chang et al., 2017,
lonita and Nagavciuc, 2020).

Usually, the assessment of trends and changes in river
runoff is carried out on the basis of statistical approaches
that allow to determine some quantitative indicators. So,
to estimate the spatial and temporal homogeneity,
stationarity of hydrological observation series, statistical
tests are most often used (Kundzewicz and Robson,
2004; Bloschl et al., 2019). Also, the method of
frequency analysis of time series is in great demand
(Caruso, 2000; Onoz et al., 2019; Pekarova and
Miklanek, 2019; Bacova Mitkova and Halmova, 2020).
Such approaches allow to operate with a certain set of
information (statistical criteria, discharges of different
probability, average value, variation and asymmetry
coefficients). In the late 20th century, the method of
Indicators of Hydrologic Alteration (IHA), which was
developed in the United States, became widely used in
the world (Richter et al., 1997; Gao et al., 2009; Halmova

et al.,, 2011; Yu et al., 2017; Zhou et al., 2020). This
approach allows to calculate quantitative statistical
characteristics for runoff estimating of rivers, lakes and
reservoirs and the degree of changes in their hydrological
regime.

The research of low flow is an actual task for the Tysa
River, which is characterized by low flow twice a year,
namely in winter and summer-autumn. In the dry years
that have been observed in the last few years, there are
some problems with water supply to consumers in
the region (Pochaievets and Obodovskiy, 2018). It
should be noted that the study of the low flow of the Tysa
river, as well as the Ukrainian Carpathians region, does
not receive due attention due to the fact that, first of all,
this area is the dangerous floods zone. For the upper part
of the Tysa River the recent research of the low flow has
been carried out in the papers by Gorbachova (2017) and
Pochaievets (2020). However, this research focused on
the study of long-term fluctuations and the definition of
design characteristics.

The purpose of this research is to use the Indicators of
Hydrologic Alteration approach to investigate extreme
low flow characteristics and their changes along the Tysa
River within Ukraine.

Material and methods
The study area

The Tysa River Basin is the largest sub-basin in
the Danube River Basin with an area of 157 186 km?.
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The Tysa River also is the longest tributary of the Danube
and the second largest by flow after the Sava River, its
length is 966 km (Halmova et al., 2011). Five countries
are sharing the Tysa Basin, namely Ukraine, Romania,
Hungary, Slovakia and Serbia. In north-western Ukraine
in the Carpathian Mountains the Tysa River rises. It is
formed from the confluence of the Bila Tysa and Chorna
Tysa Rivers (Fig. 1). At the same time, the source of
the Tysa is taken to be the source of its longer tributary —
the Chorna Tysa River. In Ukraine the Tysa River Basin
area is 12 732 km?, that is 2.1% of its territory. Moreover,
share of the Tysa River Basin area in Ukraine is 8.1%
(Makovinska, 2018). In the territory of Ukraine, there is
the mountainous Upper part of the Tysa River Basin,
namely mostly the right bank. The left tributaries of
Upper part are located in Romania. The river at the upper
part is a typical mountain river with a narrow valley, and
it sometimes looks like a gorge with relatively steep
slopes. The right bank tributaries of the Tysa River are
located the southern slope of the Ukrainian Carpathians.
The average altitudes of mountainous catchments are
800-1 200 m, and the average slopes are 200-400 m/km
(Borsos and Sendzimir, 2018; Zabolotnia et al., 2019).
In the Upper part river shows a high flow rate and low

turbidity. Near Vylok village the multi-annual mean
discharge is 202 m3s? (1954-2018). The climate of
the Upper Tysa in the Ukrainian Carpathians is
reasonably continental. There are mild winters with
thaws, a long, though unstable spring, a mild summer and
warm autumn. The annual precipitation is between
1 750 mm in the mountains and 700 mm in the lowlands.
The variability of the mean annual temperature is in
the range of 3.0-8.5°C (Makovinska, 2018; Pochaievets,
2020).

The Tysa River Basin belongs to two hydrological
regions, namely the Uzh-Borzhava and Carpathian
regions according to hydrological regionalisation by
the intra-annual distribution of the flow within Ukraine
(Gorbachova, 2015).

Carpathian region covers the upper reaches of the Tysa
River to the Rika River. There the snow-rain flood period
lasts from March to July, the autumn period is
characterised by floods, and winter is characterised by
the smallest discharges in the year.

For the rivers of the Uzh-Borzhava region the lowest
discharges are observed from August to October. Winters
are characterised by intense floods in the cold period of
the year.
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Romania
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_——
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Fig. 1.

Scheme of the Tysa River Basin within Ukraine and location of the main

gauging stations on its channel (numbering of posts corresponds to Table 1).

Table 1. List of the gauging stations on the Tysa River within Ukraine

Ne  Name of gauging Distance from  Catchment  Latitude Longitude  Altitude Daily data Qa

station the mouth area
[km] [km?] [m.as.l.] [years] [m3sh]

1  BilaTysaRiver— 15* 189 48°04'N  24°56’'E 652 1955-2018 5.13
Luhy village

2 Chorna Tysa River — 28* 194 48°16'N 24°21'E 650 1956-2018 4.78
Yasynay village

3 TysaRiver — 962 1070 48°03'N  24°12'E 430 1947-2018 25.4
Rakhiv town

4 TysaRiver — 808 9140 48°06'N  22°50'E 117 1954-2018 202
Vylok village

Note: * — to the confluence of the rivers Chorna Tysa and Bila Tysa; Qa — multi-annual mean discharge.
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Input data

The research was carried out based on observations of
4 gauging stations that are located along the Tysa River
within Ukraine (Table 1). In the upper Tysa River the low
flow analysis was carried out by the observation series at
the rivers Chorna Tysa and Bila Tysa. The mean daily
discharges from the beginning of observations until 2018
inclusive were used. Observations series have almost
the same duration, which makes a comparative analysis
of the calculated statistical indicators more reliable.

Methodology

Indicators of Hydrologic Alteration was used to study
the low flow of the Tysa River. In the IHA the daily
levels and discharges of rivers, lakes and groundwater are
used that allows to determine the statistic parameters of
natural and disturbed hydrological regime of water
bodies. According to this methodology, the river runoff
is conditionally divided into five components:

"Extreme low flows" — low flow, which is observed

on rivers during droughts;

— "Low flows" —flow on river in the periods after spring
floods, snow and rain floods, when the river is fed
only by groundwater;

— "High-flow pulses™ — flow on river during rainfalls in
summer or thaw in winter, as well as for other reasons
(reservoir releases, etc.); at the same time, the river
does not overflow;

— "Small floods" — same as "High-flow pulses”, but
with the outflow of the river to the floodplain without
catastrophic consequences;

— "Large floods" — extremely high floods, which are
rare and cause catastrophic consequences.

To divide the arrays of daily discharges on 5 components,
the values of the parameters recommended by the IHA

were used, which were developed by The Nature
Conservancy (2009). To calculate the river flow
parameters of the Tysa River we used the IHA software,
version 7.1.0.10.
This made it possible to separate from the total flow
the extreme low flows, for which the IHA statistics were
calculated.
The study calculated the following statistics:
— discharge thresholds for 5 flow components, [m® s!];
— mean values of the extreme low discharges (peaks)
for each year, [m3s];
— mean duration of the extreme low flows, [days];
— mean frequency of the extreme low flows, [number of
cases/year];
— mean Julian dates of the extreme low discharges
(peaks) for each year, [days].

Changes of extreme low flow characteristics along
the river and over time were also analysed.

Results and discussion

At each gauging station the river flow was divided into
five components: "Extreme low flows", "Low flows",
"High-flow pulses”, "Small floods", "Large floods"
according to the discharge thresholds and the results are
presented in Table 2. An example of such a distribution
for the hydrological post of the Tysa River — Vylok
village is shown in Fig. 2.

In the Upper part of the Tysa River all 5 flow components
of the multi-annual mean and discharge thresholds are
increasing in the direction from the headwaters to the
Tysa River - Vylok village gauging station (Table 1, 2, 3;
Fig. 3 a, b, c), that fully corresponds to the physical and
geographical conditions of its formation. Further, the
analysis of the calculated statistical parameters by IHA
for the "Extreme low flows" component was carried out
(Table 3).

Table 2. Discharge thresholds at the gauging stations in the upper part of the Tysa
River, [m®s]
Ne  Name of gauging station Large floods Small floods High-flow Low flows  Extreme
pulses low flows

1  BilaTysa River — Luhy village 39.5 24.2 6.43 3.68 1.54

2 Chorna Tysa River — Yasynay village 58.2 32.8 5.96 3.19 1.15

3 TysaRiver — Rakhiv town 351 174 313 174 7.0

4 TysaRiver — Vylok village 2480 1370 244 133 56

Table 3. Statistical parameters of IHA for the "Extreme low flows" at the gauging
stations in the upper part of the Tysa River

Ne  Name of gauging station Mean values of Mean Mean frequency Mean Julian
peak discharge duration [number of dates peaks
[m3s?] [days] cases/year] [days]

1  BilaTysa River — Luhy village 1.18 14 3.70 19

2 Chorna Tysa River — Yasynay village 0.89 12 3.57 29

3  TysaRiver — Rakhiv town 5.66 9 4.82 30

4 TysaRiver — Vylok village 46.4 11 3.65 302
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Fig. 2.  Separation of hydrographs into different flow types for gauging station of
the Tysa River — Vylok village.
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the extreme low flows at gauging stations in the upper part of the Tysa River.
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Mean duration of extreme low flows is in the range of 9
to 14 days. Gauging stations that are located on
the headwaters have the greatest mean duration of
the extreme low flows. Extreme low flows are observed
in the mean 4 times a year. According to the mean Julian
dates, the extreme low flow peaks are observed in
January in the upper part of the Tysa River and in October
for the Tysa River — Vylok village gauging station.

During the observations period, the mean values of
the extreme low discharges (peaks) for each year have
the tendency to increase in the upper part of the Tysa
River and to decrease in the Tysa River — Vylok village

gauging station (Fig. 4). However, only the Chorna Tysa
River — Yasynay village gauging station has
the significant trend. Mean duration and mean Julian
dates of the extreme low discharges (peaks) for each year
did not undergo significant changes for all gauging
stations studied. At the same time, such a characteristic
as the mean frequency of the extreme low flows has
undergone significant changes over time. Wherein, on
the Tysa River — Vylok village gauging station the mean
frequency of the extreme low flows has the trends to
increase. In all other gauging stations, this characteristic
has the opposite tendency, i.e. it decreases.
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Fig. 4.
the upper part of the Tysa River.

Identification of trends in the characteristics of the extreme low flows in
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The Tysa River - Vylok village gauging station has
the trends of extreme low flows which differ from
the trends at other gauging stations that are located in
the upper part of the Tysa River. This gauging station is
the closing post in the upper part of the Tysa River. Its
flow is formed under the influence of left and right
tributaries, which are located both on the territory of
Ukraine and on the territory of Romania. These are
the mountain basins with the features of the surface
watershed and climatic factors that are manifested in
the uneven distribution of rainfall, temperature and
evaporation. This is reflected in different runoff trends at
such catchments (Gorbachova, 2017; Pochaievets, 2020).
It is clear that the explanation of trends in extreme low
flows on the Tysa River - Vylok village gauging station
requires further research with additional observation data
as along the river channel and its main tributaries.

Conclusion

The application of the IHA method for the study of
extreme low flows allows to obtain a new knowledge and
expand the understanding about its statistical indicators.
Dividing of hydrographs according to the calculated
discharge thresholds into five components allowed to
obtain the characteristics and periods of the extreme low
flows in the upper part of the Tysa River. Analysis of
extreme low flow characteristics showed that its mean
duration is in the range of 9 to 14 days. Extreme low flow
is observed in mean 4 times a year. Extreme low flow
peaks are observed in January in the upper part of
the Tysa River and in October for the Tysa River — Vylok
village gauging station.

Analysis of the fluctuations of the extreme low flow
characteristics showed that its mean peak values have
the tend to increase over time in the upper part of
the Tysa River except the Tysa River — Vylok village
gauging station. At the same time, on this gauging station
the mean frequency of the extreme low flows has
the trends to increase. It is clear that in the future
the continuation of such trends will cause the negative
consequences for the population and the economy in
the river basin. It should be noted that deeper
understanding of the features of extreme low flows
requires further research with using observation data
along the river channel and its tributaries.
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Trend changes analysis of the minimum and average annual discharges
in selected Slovak rivers during the two periods 1961-2000 and 1961-2015

Viliam SIMOR”, Cudovit CUPTAK

This paper deals with the development of trends of minimum and average annual discharges for the period 1961-2015
and their comparison with the trends for the period 19612000, which have been used by the Slovak Hydrometeorological

Institute (SHMI) since 2006 as a reference period.

In assessing both periods, we have dealt with their comparison with each other and subsequent analysis of any change. In
general, time series trends can become an important indicator of whether there is a change in selected hydrological
characteristics. In this paper, discharge series were processed and statistically analysed using a simple linear trend and

the non-parametric Mann-Kendall test.

KEY WORDS: Mann-Kendall test, Sen’s slope, Average annual discharge, Minimum annual discharge

Introduction

At the present time of global climate change,
the occurrence of periods of extreme weather phenomena
is significantly increasing, warm weather without rain for
along time is alternating with local storm activity,
the intensity of which creates flood situations in various
parts of Slovakia. The impact of a prolonged drought can
cause considerable damage not only to property and
human life but also to the country's economy. The effects
of a long-term drought are dangerous because, unlike
aflood situation, the outward signs of a long-term
drought are not noticeable for a long time.

In Slovakia and abroad, several authors have dealt with
the trend analysis of various hydrological characteristics,
as an example we can mention the works of Zelendkova
at al. (2011), in which an analysis of drought in terms of
the significance of trends in flow characteristics was
carried out. The authors applied their research on
the occurrence of the significance of trends and
subsequent spatial analysis in a GIS environment in
the regions of eastern Slovakia. Bacova Mitkova and
Halmova (2021) in their work deals with the trend
analysis of the extreme flows regime at gauging station
Vah —Liptovsky Mikulas. The identification of trends in
hydrological data also deals Malik at al. (2020), who
identify the long-term trend and magnitude in monthly,
seasonal, and annual streamflow by employing three non-
parametric approaches conventional Mann-Kendall,
Innovative-Sen trend, and Sen-slope at 5% level of
significance in the upper Ramganga river catchment in

India. A more detailed study of this type of tests is
discussed by Dabanli at al. (2016), the authors also
identify the weakness of the Mann Kendall test and
explain the principles of the innovative-Sen method, that
is based on cluster.

In the present paper, we evaluate by trend analysis
the minimum and average annual discharges at selected
gauging stations, and we are interested only in those
where occurs a change in significance, as determined by
the Mann-Kendall test.

Material and methods

The minimum discharge is the lowest immediate dischar-
ge in a given profile for the selected period. On natural
streams, the minimum discharge is generally the lowest
average daily discharge, expressed in m®s?or s,

The average discharge is the arithmetic mean of all
the discharges in a given profile over the period
considered (e.g. day, month, season, year, etc.). It is
generally determined by the arithmetic mean of
the average daily discharges (average daily, arithmetic
mean hourly discharges) or by the ratio of the total
amount (volume) of water discharged and the number of
seconds over the period considered. It shall be expressed
in m® st or | s. According to the above definition,
the minimum annual discharge is the smallest average
daily discharge in agiven hydrological year and
the average annual discharge represents in the average
daily discharge in a given hydrological year (Hydrology.
Terminological glossary, 2002).
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The discharge data for the period 1961-2015 were taken
from the hydrological service database, which allows
direct reporting of minimum and average annual
discharges. Trends were evaluated in a selection of 65
gauging stations (GS) with long-term observations,
which we consider as unaffected 1 in the Bodva basin, 8
in the Bodrog basin, 2 in the Danube basin, 4 in
the Hornad basin, 4 in the Ipel basin, 2 in the Morava
basin, 7 in the Nitra basin, 3 in the Dunajec and Poprad
basins, 7 in the Hron basin, 4 in the Slana basin and 23 in
the Vah basin.

The hydrological datasets were processed and
statistically analysed using two methods, the simple
linear trend and the non-parametric Mann-Kendall test,
which is used to detect significant trends in time series.
The advantage of the Mann-Kendall test is that, it is not
affected by the actual distribution of the data and it is less
sensitive to outliers in the time series (Adamyova, 1989).
The test is suitable for larger scale statistical datasets with
more than 40 data points (WMO, 2008).

The Mann-Kendall test is based on the statistical value
"S", which is calculated by comparing every two values
Xi, Xj, (i > ) in a time series, where the statistical value
"S" is given by the relationship:

i-1

S=y", Zj=1 sign(x; — x;) )
where:

n — is the number of values in the time series,

xj and xj — are the compared values (discharges).
sign (xi— X;) is:

+1 lf xi—x]->0
0 lf xl-—xj=0
-1 ifxi—xj<0

The Mann-Kendall statistic (Z) is based on the standard
normal distribution and is given by the following
relationship:

% if S>0

z7=4{0 if $S=0 2)
\% if S<0

where:

os — represents the variance and is defined as:

oy = %[n(n -1)2n+5) =% fi(fi — DU +5)](3)

where:

n —is the number of values in the time series.

t —varies over the set of tied ranks

fi —is the number of times (i.e. frequency) that
the rank t appears.

The sign of the statistic "Z" indicates whether the trend is

increasing (Z > Q) or decreasing (Z < 0), and we cannot
obtained an estimate of the magnitude of the trends by
this test (Santos and Portela, 2007).

Estimating the magnitude of significant trends
(Sen's slope):

The magnitude of statistically significant trends of
discharges at the gauge stations were calculated using by
the slope estimator of Sen (1968). The method is based
on a simple non-parametric procedure developed by
the mentioned author as follows:

If there is a linear trend in the time series, we can express
its real slope using a linear equation:

ft)=Qt+B @)

where:

Q -—isaslope,

B —isaconstant,

f(t) —is a linear model.

The slope estimate "Q™ for all pairs in the time series is
calculated as:

xj—xk

QS i=12,..N, >k (5)

where:
X — are the values in the time series,
N — is the number of estimated slopes while:

N=n.(n-1)/ 2 (6)

where:
n —is the number of values in the original time series.

The resulting estimated slope is the median of these N
values of the estimated slopes Qi (Drapela
and Drapelova, 2011). In determining the individual
significance of a trend, its increase and decrease, we only
evaluate significance at the 95% level (if it has been
observed in gauge station, we consider the trend as
significant), which is used in most statistical tasks.

We consider trends that occurred at a lower significance
level (90%, 85% and below) to be non-significant. When
comparing the two periods 1961-2000 and 19612015 to
each other, we look for those gauge stations at which this
significance level has changed. If there is a change in
a significance, we also evaluate the size of the trends in
the appropriate gauge stations using by a simple linear
trend and the Sen's slope as well. All the trend
calculations were processed in MS Excel.

Results

Minimum annual discharges (Qr,min)

In the period 1961-2000 were at the 95% significance
level 7 gauge stations with increasing trends, 13 gauge

stations with decreasing trends, and 45 gauge stations
(Table 1). In the period 1961-2000 were at the 95%
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Table 1.

gauging stations

Change in the significance of minimum annual discharges (Qrmin) at individual

gauge station stream catchment significance at level 95 % 'chgn.ge of
area period for 1961-2000 period for 1961-2015 significance

Moravsky Jan Morava Morava decreasing trend decreasing trend no
Lab Mociarka Morava decreasing trend decreasing trend no
Spariska Vydrica Dunaj non-significant or no trend non-significant or no trend no
Bratislava Dunaj Dunaj non-significant or no trend non-significant or no trend no
Pezinok Blatina Maly Dunaj non-significant or no trend non-significant or no trend no
Bernolakovo Cierna voda Maly Dunaj non-significant or no trend non-significant or no trend no
Homé Oresny ___Parnd Vil Dung
Pila Gidra Maly Dunaj non-significant or no trend non-significant or no trend no
NedoZery Nitra Nitra decreas| nd decreasing trend no
Handlova Handlovka Nitra ignificant or no trend decreasing trend yes
Chalmova Nitra Nitra non-significant or no trend non-significant or no trend no
Liestany Nitrica Nitra non-significant or no trend non-significant or no trend no
Nadlice Betrava Nitra
Nitrianska Streda Nitra Nitra non-significant or no trend non-significant or no trend no
Vieska n. Zitavou Zitava Nitra non-significant or no trend non-significant or no trend no
Cierny Véh Ipoltica Vah non-significant or no trend yes
Vychodna Biely Vah Vah non-significant or no trend non-significant or no trend no
Kralové Lehota Boca Vah non-significant or no trend increasing trend yes
Podbanské Bela Vah non-significant or no trend non-significant or no trend no
Liptovsky Mikula§ Vah Vah non-significant or no trend non-significant or no trend no
Partizanska Cup¢a Lupéianka Vah non-significant or no trend yes
Podsuché Revuca Vah non-significant or no trend non-significant or no trend no
Labochaa Lubodhnianks i
Lokca Biela Orava Vah non-significant or no trend non-significant or no trend no
Oravskaé Jasenica Veselianka Vah decreasing trend decreasing t
Zubrohlava Polhoranka Vah increasing trend non-significant or no trend
Trstend Oravica Vah non-significant or no trend non-significant or no trend no
Martin Turiec Vah non-significant or no trend non-significant or no trend no
Cadca Kysuca Vah non-significant or no trend non-significant or no trend
Poluvsie Rajcianka Vah non-significant or no trend decreasing t
Bytca Petrovicka Vah increasing trend increasing trend
Vydrna Petrinovec Vah decreasing trend decreasing trend
Dohiiany Biela voda Vah non-significant or no trend decreasing trend
Horné Stnie Vlara Vih non-significant or no trend non-significant or no trend no
Zlatno Hron Hron non-significant or no trend non-significant or no trend no
Brezno Hron Hron non-significant or no trend non-significant or no trend no
Hronec Giermy Hron Hron
Bystra Bystrianka Hron non-significant or no trend non-significant or no trend no
Myto p. Dumbierom Stiavnicka Hron non-significant or no trend non-significant or no trend no
Dolna Lehota Vajskovsky potok Hron non-significant or no trend non-significant or no trend no
Breny Hron Hron
Holisa Ipel’ Ipel’ non-significant or no trend non-significant or no trend no
Plastovce Krupinica Ipel’ non-significant or no trend non-significant or no trend no
Plastovce Litava Ipel’ non-significant or no trend non-significant or no trend no
Lucenec Krivansky p. Ipel’ non-significant or no trend non-significant or no trend no
Dobsina Dobsinsky potok Slana decreasing trend non-significant or no trend yes
Stitnik Stitnik Slana non-significant or no trend non-significant or no trend no
Lenartovce Slana Slana non-significant or no trend non-significant or no trend no
Lehota nad Rimavicou  Rimavica Slana non-significant or no trend decreasing trend
Nizny Medzev Bodva Bodva decreasing trend decreasing trend
Stratena Hnilec Hornad non-significant or no trend non-significant or no trend no
Jaklovce Hnilec Hornad non-significant or no trend non-significant or no trend no
Kosické Oliy ___Torym Homid
Zdatia Hornad Hornad non-significant or no trend non-significant or no trend no
Koskovee Laborec Bodrog non-significant or no trend non-significant or no trend no
Lekéarovee Uh Bodrog increasing trend non-significant or no trend yes
Remetské Hamre Okna Bodrog non-significant or no trend non-significant or no trend no
Velké Kapusany Latorica Bodrog non-significant or no trend non-significant or no trend no
HanuSovce nad Toplou  Topla Bodrog non-significant or no trend non-significant or no trend no
Svidnik Ondava Bodrog non-significant or no trend non-significant or no trend no
Jasenovce Olka Bodrog non-significant or no trend non-significant or no trend no
Streca nad Bodrogom _Bodrog Bodrog
Zdiar, Podspady Javorinka Poprad non-significant or no trend non-significant or no trend no
Poprad, Matejovce Slavkovsky potok Poprad increasing trend increasing trend
Chmelnica Poprad Poprad non-significant or no trend increasing trend
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Fig. 1.

Magnitude of trends in minimum annual discharges (Qrmin) at selected gauging

stations (GS) for the period 1961-2000 and 1961-2015.

significance level 7 gauge stations with increasing trends,
14 gauge stations with decreasing trends and 44 gauge
stations with insignificant or no trends (Table 1).

The change in trend significance after adding 15 years
occurred in 11 gauge stations. The most significant and
most cases of changes in the trends of minimum
discharges in the compared periods were calculated for
the Vah river basin (Table 1).

Figure 1 shows the magnitudes of the trends (both Sen's
slope and linear trend) at the gauging stations where
occurred the change in significance. More significant
differences in slopes occurred only at the gauge station
Partizanska Lupcéa, Pupcianka stream in period 1961—
2000. The trend in this period is significantly decreasing,
but both trends has a different magnitude. The linear
trend has a smaller slope than Sen's slope, the change is
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Table 2.

Change in the significance of average annual discharges (Qr) at individual gauging

stations
gauge station stream catchment area significance at level 85 % .cha_n_ge of
period for 1961-2000 period for 1961-2015 significance
Moravsky Jan Morava Morava non-significant or no trend non-significant or no trend no
Lab Mociarka Morava decreasing trend decreasing tre no
Spariska Vydrica Dunaj non-significant or no trend non-significant or no trend no
Bratislava Dunaj Dunaj non-significant or no trend non-significant or no trend no
Pezinok Blatina Maly Dunaj non-significant or no trend non-significant or no trend
Bernoldkovo Cierna voda Maly Dunaj decreasing trend
Horné OreSany Parna Maly Dunaj non-significant or no trend decreasing trend
Pila Gidra Maly Dunaj non-significant or no trend non-significant or no trend
NedoZery Nitra Nitra non-significant or no trend decreasing trend
Handlova Handlovka Nitra non-significant or no trend decreasing trend
Chalmova Nitra Nitra non-significant or no trend decreasing trend
Liedtany Nitrica Nitra non-significant or no trend decreasing trend
Nadlice Bebrava Nitra non-significant or no trend non-significant or no trend no
Nitrianska Streda Nitra Nitra non-significant or no trend non-significant or no trend no
Vieska n. Zitavou Zitava Nitra non-significant or no trend non-significant or no trend no
Cierny Vih Ipoltica Vah non-significant or no trend non-significant or no trend no
Vychodna Biely Vah Vah non-significant or no trend non-significant or no trend no
Kralova Lehota Boca Vah decreasing tre non-significant or no trend yes
Podbanské Bela Vah non-significant or no trend non-significant or no trend no
Liptovsky Mikula§ Vah Vah non-significant or no trend non-significant or no trend no
Partizanska Cupca Lupéianka Véh non-significant or no trend decreasing trend yes
Podsucha Revica Vah non-significant or no trend non-significant or no trend no
Lubochiia Lubochnianka Vah non-significant or no trend non-significant or no trend no
Lokca Biela Orava Vah non-significant or no trend non-significant or no trend no
Oravska Jasenica Veselianka Vah non-significant or no trend non-significant or no trend no
Zubrohlava Polhoranka Vah non-significant or no trend non-significant or no trend no
Trstena Oravica Vah non-significant or no trend non-significant or no trend no
Martin Turiec Vah non-significant or no trend non-significant or no trend no
Cadca Kysuca Vah non-significant or no trend non-significant or no trend no
Poluvsie Raj¢ianka Vah non-significant or no trend non-significant or no trend no
Bytca Petrovicka Vah non-significant or no trend increasing trend yes
Vydrna Petrinovec Vah non-significant or no trend non-significant or no trend no
Dohniany Biela voda Vah non-significant or no trend decreasing trend yes
Horné Sinie Vlara Vah non-significant or no trend non-significant or no trend no
Zlatno Hron Hron non-significant or no trend non-significant or no trend no
Brezno Hron Hron non-significant or no trend non-significant or no trend
Hronec Cierny Hron Hron decreasing trend decreasing trend
Bystra Bystrianka Hron decreasing trend decreasing trend
Myto p. Dumbierom Stiavnicka Hron decreasing trend non-significant or no trend
Dolna Lehota Vajskovsky potok Hron non-significant or no trend non-significant or no trend no
Brehy Hron Hron decreasing trend non-significant or no trend yes
Holisa Ipel’ Ipel’ decreasing trend non-significant or no trend yes
Plastovee Krupinica Ipel’ non-significant or no trend non-significant or no trend no
Plastovee Litava Ipel’ non-significant or no trend non-significant or no trend no
Lucence Krivinsky p. Iper
Dobsina Dobsinsky potok Slana non-significant or no trend non-significant or no trend no
Stitnik Stitnik Slana de non-significant or no trend yes
Lenartovce Slana Slana nevyznamny alebo Ziadny trend non-significant or no trend no
Lehota nad Rimavicou_Rimavica Sand
Nizny Medzev Bodva Bodva non-significant or no trend non-significant or no trend no
Stratend Hnilec Hornad non-significant or no trend yes
Jaklovce Hnilec Hornad non-significant or no trend non-significant or no trend no
Kosické Olsany Torysa Hornad non-significant or no trend non-significant or no trend no
Zdatia Hornad Hornad non-significant or no trend non-significant or no trend no
Koskovce Laborec Bodrog non-significant or no trend non-significant or no trend no
Lekarovce Uh Bodrog non-significant or no trend non-significant or no trend no
Remetské Hamre Okna Bodrog non-significant or no trend non-significant or no trend no
Velké Kapusany Latorica Bodrog non-significant or no trend non-significant or no trend no
HanuSovce nad Toplou Topla Bodrog non-significant or no trend non-significant or no trend no
Svidnik Ondava Bodrog non-significant or no trend non-significant or no trend no
Jasenovce Olka Bodrog increasing trend increasing trend no
Streda nad Bodrogom Bodrog Bodrog non-significant or no trend non-significant or no trend no
Zdiar, Podspady Javorinka Poprad non-significant or no trend non-significant or no trend no
Poprad, Matejovce Slavkovsky potok Poprad non-significant or no trend non-significant or no trend no
Chmelnica Poprad Poprad non-significant or no trend non-significant or no trend no

213



Acta Hydrologica Slovaca, Volume 22, No. 2, 2021, 207 — 219

due to the occurrence of an extremely low discharge in
1968, to which the linear trend responds. In gauge station
Zubrohlava, Polhoranka stream in period 19612000 is
a similar case as in gauge station Partizanska Lupca,
however, the difference in slopes is due to the occurrence
of an extremely high discharge in 1964. In gauge station
Poluvsie, Rajcianka stream, the decreasing insignificant
trend of the period 1961-2000 changed to decreasing
significant trend after adding 15 years. We can see in both
periods the variation in the magnitude of the slopes. This

GS Horné QreSany, stream Parnd 1961-2000-Q,

is due to the occurrence of extremely high discharge in
1966.

Average annual discharges (Qr)

For the period 1961-2000 there was at the 95%
significance level 1 gauge station with increasing trend,
12 gauge stations with decreasing trends, and 52 gauge
stations with non-significant trends. In the 1961-2015
period there were at the 95% significance level 2 gauge

GS Horné Qregany, stream Parnd 1961-2015 - Q,
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GS BytEa, stream Petrovitka 1961-2015 - Q,

1.4

GS BytEa, stream Petrovitka 1961-2000 - Q.
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Fig. 2.

Magnitude of trends in average annual discharges (Qr) at selected gauging

stations (GS) for the period 1961-2000 and 1961-2015.

stations with increasing trends, 13 gauge stations with
decreasing trends, and 50 gauge stations with non-
significant trends or no trends (Table 2).

The change in trend significance after adding 15 years
occurred in 14 gauge stations. The most significant and
most cases of changes in the trends of average discharges
in the compared periods were calculated for the Nitra and
Vah river basin (table 2).

More significant variation in the magnitude of the slopes
was observed in gauge station Chalmova, Nitra River in
period 1961-2000, the linear trend has more steepness
compared to Sen's slope, this is due to the occurrence of
extremely high discharges in 1965 and 1966.

In gauge station Kralova Lehota, Boca stream,
the difference in trend magnitude occurred in both
periods, the difference is due to the occurrence of high
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discharges in 1965 and 1967.

Gauge station Stratena, Hnilec stream recorded more
significant differences in slopes in the period 1961-2015.
These are due to the occurrence of high discharges in
2013 and 2014 (Fig. 2).

Discussion

In this paper, we used a non-parametric method to assess
the significance of trends and used the chosen
significance to determine the trends, in which
the magnitude of the slopes were later analysed using
the Sen's slope method and the common linear trend
method.

The initial significance analysis of the individual trends
for the period 1960-2000 determined the number of
water gauging stations of interest in which we founded
atrend that satisfies the condition of 95% significance
level, the remaining trends that occurred at a lower level
we consider as insignificant. After adding 15 years to
the time series, we again determined the significance of
the trends at the same water gauging stations (GS).
The change in significance that occurred at the gauging
stations indicates to us the occurrence of discharges (low
or high) that affect the trend at a given gauging station
only at these selected gauging stations we observed
the change in trend magnitude using the Sen's slope and
linear trend.

In this way, we attempted to speed up the trend analysis,
we did not analyse the magnitudes of all trends (using
Sen's slope and linear trend) that are located in each water
gauging station (which can be a time consuming task
with a larger number of GS), but only in those GS where
a change in significance accursed. Finally, we included
11 GS at minimum annual flows and 14 GS at average
annual flows in the final trend analysis from a total of
65 water gauging stations.

For the individual charts (Fig. 1 and Fig. 2), we were
interested in the difference in the magnitude of the Sen's
slope and linear trend. This difference was not very
pronounced at most gauging stations, however, we
recommend using the Sen's slope in addition to
the simple linear trend because it is less sensitive to
the occurrence of outliers that occur at the end or
beginning of the time series. If there are these two trends
magnitudes different, we know that an outlier discharge
has occurred at the gauging station.

Conclusion

The aim of the present work was to evaluate the trends
for the period 1961-2000 in terms of significance and
magnitude at selected water gauging stations and their
possible change after the addition of 15 years. In both
periods, non-significant trends prevail over significant
trends in both minimum and average annual discharges,
despite the occurrence of two extreme years. The year
2010, which is considered to be an abnormally wet year,
and the year 2012, which is considered to be
an abnormally dry year in the added period 2001-2015.

In the sub-basins, the change in significance in the mini-

mum annual discharges was mainly in the Vah river
basin. In the upper part of the basin, the trends change
from significantly decreasing to insignificant, which is
due to the higher occurrence of higher minimum
discharges in the added period 2001-2015, and
conversely in the middle part of the basin, the trends
change mainly from insignificant to significantly
decreasing, which is due to the higher occurrence of low
minimum discharges. In the other basins, the significance
of trends did not change at most stations after the 15-year
period was added.

In the sub-basins, the change in significance of the mean
annual discharges was most pronounced in the upper
Nitra basin. Trends change from non-significant to
significant decreasing, indicating a greater occurrence of
lower flows in the period 2001-2015. In the other basins,
the significance of the trends did not change at most
stations after the addition of 15 years.

The significance of the trends did not change
significantly in either minimum or average annual flows
over the entire country with the addition of 15 years,
indicating that a large number of low or high annual
discharges did not occur in most of the selected gauge
stations. The magnitude of the trend slope, both linear
and Sen's slope, are also very similar at most stations
(where there has been a change in significance),
indicating that there are not such extreme low or high
discharges in the added time series 2001-2015 that would
cause them to be potentially different. In general,
the trends in both minimum and average annual flows
over the assessment periods can be considered to be
balanced to slightly decreasing across the whole of
the country.

To assess and better understand the evolution of water
bearing is in addition to hydrological characteristic
necessary assessment climatological characteristics, in
particular air temperature and evaporation.
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Hydrological analysis of the Danube regime on the section through
the Republic of Croatia and the Republic of Serbia

Marija SPERAC”, Ivan DJEDOVIC

The flow regime of the Danube in the area of the middle part of the basin, on the section of the Danube through Croatia
and Serbia, was analyzed. This paper contains a hydrological analysis of the Danube regime using measured flow data at
four regression stations; Batina in the Republic of Croatia, and the regression stations Bezdan, Bogojevo and Smederevo
in the Republic of Serbia for the period 1992-2018. On this section, two large rivers, the Drava and the Sava, flow into
the Danube, which significantly affect the Danube regime. Parde's method of modular coefficients was used to classify
the flow regime. Comparing the curves of mean monthly flows expressed through modular coefficients for the Danube,
Drava and Sava, it can be concluded that the Danube has an alpine snow regime at the top of the analyzed section, just
like the Drava that flows into the Danube. At the regression station Smederevo, the curve of mean monthly flows expressed
in modular coefficients is similar to the curve for the Sava, which flows into the Danube upstream from Smederevo, and

the Danube has a combined flow regime like the Sava.

KEY WORDS: flow regime, modular coefficients, ,,central Danube region”

Introduction

The Danube is the second longest and water richest river
in Europe, with a length of 2 857 km and a catchment
area of 817000 km?. (Fig.1.) The Central Danube
Region is an imposing and unique geographical entity in
Europe. It is bounded by Carpathian sand, part of
the Balkan Mountains in the north and east, near the Alps
in the west and the Dinarides in the south. This closed
circle of mountains includes the

"Pannonian Basin

Lo 2

Danube River basin.

Fig. 1.

System", which consists of the south-eastern and Slovak
lands, the Lesser and Great Hungarian Plain,
the Transylvanian Basin, the Slavonian Middle Range,
the Sava Basin and part of the Great Morava Basin.
(Schiller et al., 2010).

With its middle part, the Danube flows through Croatia
and Serbia and represents the border between these
countries. In this part of the Danube basin, the Danube
flows along the Kopacki rit swamp, and two large rivers,
the Drava and the Sava, flow into it, which significantly
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affects the Danube flow regime itself. The surface area of
the Danube basin in Croatia is 35101 km? which
represents 62% of the Croatian mainland. (Croatian River
Basin Management, CRBM 2016-2021).

When analyzing the flow regimes of rivers, including
the Danube, special attention should be paid to
hydrological extremes: floods (Prohaska and Ili¢i¢, 2009;
Hattermann et al., 2018) and droughts (Koleva, 1995;
Stojanovic et al., 2017). analysis of the Danube flow
regime (in Slovakia) through the period from 1840 to
2015 was presented by Pekarova et al. (2019). Romanova
et al. (2019). investigated natural and anthropogenic
impacts on the course of the Danube in the area from
Reni to Izmail. Changes in the flow regimes of rivers due
to changes in climatic elements in Europe are primarily
related to the way rivers are supplied, ie the type of their
recharge. (Canjevac, 2012) At the national level (and
level of large regions of Croatia), certain climatic
changes have already been recorded, and their influence
on changes in the water balance observed (Bonacci and
Geres, 2001; Pandzi¢ et al., 2009) or their influence on
changes of the discharge regime (Gaji¢-Capka and
Cesarec, 2010; Canjevac, 2012; Barbali¢ and Kuspili¢,
2014; Canjevac and Oresié, 2015; 2018). Changes to
discharge on the Sava River were examined by Bonacci
and Ljubenkov (2004), Segota and Filip&i¢ (2007),
Trnini¢ and Bosnjak (2009), Bonacci and Oskorus (2011)
and Oresi¢ et al. (2017), while changes on the Drava
River by Bonacci and Oskorus (2010) and Gaji¢-Capka
and Cesarec (2010).

This paper contains a hydrological analysis of
the Danube regime using measured flow data at four
regression stations; regression station Batina in
the Republic of Croatia, and the regression stations
Bezdan, Bogojevo and Smederevo in the Republic of
Serbia for the period 1992-2018.

Material and methods

The paper analyzes databases on measured flows at
regression stations Batina, Bezdan, Bogojevo and
Smederevo. Due to the insufficient length of the series of
available data for the regression station Batina, it was
performed correlation analysis between that regression
station and the closest one in the Republic of Serbia —
regression station Bezdan. How is it analysis determined
extremely strong correlation ratio (correlation coefficient
is 0.998), flow analysis was performed for the regression
station Bezdan, the results of which can be considered
representative for the regression station Batina as well
Republic of Croatia. Based on the data on mean daily
flows, the minimum, mean and maximum annual flows
were obtained. Statistical processing of data constructed
flow duration curves and frequency histograms for
the average daily flows of the Danube River for
the regression stations Bezdan (Batina), Bogojevo and
Smederevo, and additionally singled out characteristic
curves for the dry, normal and wet years recorded for
the given series 1992-2018. The flow regime
classification is defined according to Parde’s modulus
coefficients. The flows expresed in modular coefficients

are suitable for comparing individual hydrological
features at different hydrological stations. The hydrolo-
gical analysis of the seasons was performed, ie the flow
tendencies for the warm and cold seasons for
the observed period were shown.

Results

By processing the database on mean daily flows,
the following results were obtained: for the regression
stations Bezdan (Batina) the lowest mean daily flow of
742 m®s was recorded in October 1992, and the largest
of 8 380 m3st in June 2013. A slight upward trend is
visible minimum and medium annual flows, while for
maximum the trend is negative. (Fig. 2)

For the regression station Bogojevo, the lowest mean
daily flow of 926 m®s* was recorded in September 2003,
and the largest of 8700 m® s in June 2013. There is
a considerable upward trend in the minimum and mean
annual flows, while for maximum annual flows
the upward trend is slightly negative. (Fig. 3)

For the regression station Smederevo, the lowest mean
daily flow of 1400 m3 s was recorded in September
2003, and the highest of 14800 m3s? in April 2006. At
the minimum annual flows for this regression station, a
strong positive trend is visible. A very slight upward
trend is visible for medium annual flows, and a slight
decrease for maximum annual flows. (Fig. 4)
Correlation analysis of mean flows (Table 1) confirmed
the strong dependence between regression stations Batina
and Bezdan (located opposite each other), and Bezdan
and Bogojevo, which means that on the section Batina —
Bogojevo flow regime does not change, while the results
of correlation analysis for regression stations Bogojevo
and Smederevo showed that there is almost no correlation
between them — which indicates the fact that the flow
regime changes significantly.

Flow duration curves expressed by Parde modular
coefficients

Various methods are used in the literature to classify
the flow regime of fluids. One of the better known
classifications is the classification made by the French
geographer hydrologist Maurice Pardé. Pardé introduced
a modular coefficient that represents the ratio between
two quantities of a given period and the corresponding
average (Pardé, 1933). In practice, the values of mean
monthly and annual flows are most often used in these
comparisons.

It is obtained by dividing the mean flow of each month
by the mean annual flow.Pardé’s simple formula makes
it possible to compare the flow regimes of rivers of
different flows.

Modular coefficient ( Mk) formula:

MQ-The average flow of an individual month
Mk= ge Jlow of (1)

MQ-mean annual flow

On the basis of modular coefficients, ie flow regimes
obtained by such an approach, Pardé divided all fluids
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Fig. 2. Annual mean minimum, mean and maximum flows for the period 1992—-2018
(regression stations Batina/Bezdan).

10000
9000
8000

7000
6000
5000

4000

DISCHARGE [m3s7]

3000
2000

1000

1992
1993.

1997

0V O O «Hd o M < 1 B8 N 0
A O O ©O O © O O © O o
o 60 O O 6 6 & &6 6 &6 o
Ll i (V] o o o o~ o~ o~ [V} o~
PERIOD (year)

2009.

2010.

2011.

2012.

2013
2014
2015
2016.
2017
2018

Fig. 3.  Annual mean minimum, mean and maximum flows for the period 1992-2018
(regression station Bogojevo).

Table 1. Flow correlation coefficients between measuring stations

Regression Statistics

B

Bogojevo — Smederevo

Multiple R

R Square
Adjusted R Square
Standard Error

Observations

atina — Bezdan Bezdan — Bogojevo
0.997983378 0.968586032
0.995970822 0.938158902
0.995913263 0.937959415
57.94458563 216.1527741

72 312

0.118338021
0.014003887
0.010240543
1458.720637
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Fig. 4.  Annual mean minimum, mean and maximum flows for the period 1992—-2018

( regression station Smederevo).

into those with simple and those with complex regimes.
"S. Tlesic (1947) used Pardé's coefficients for the sixteen-
year period 1923-1938 when researching and
determining the typology of Yugoslav fluids and
determined the existence of the following types in
Croatia:
e Snow regime
mild (Drava)
transitional (Mura)
e  rain-snow regime
- transitional Central European or Posavina
variant (Sutla, Sava downstream from Zagreb)
moderately Mediterranean variant (Kupa)
Mediterranean variant (Neretva, Cetina, Krka,
Zrmanja and Rjecina)
e clean or almost clean rain regime (Cazma and
Istrian rivers)
e combined-complex regime (Danube).” (Canjevac
2012)

Their importance comes to the fore when it comes to
comparing a certain hydrological quantity on the same
river, in the same time period, but in different profiles, or
when comparing these same quantities, but for different
watercourses.

If a certain similarity is established in the forms of flow
duration curves in modular coefficients for individual
watercourses, it is possible to define the flow duration
curve by interpolation between two profiles with similar
duration curves.

In the further part of this chapter, the flow duration curves
for the regression stations Bezdan (Batina) (Fig. 5),
Bogojevo (Fig. 6) and Smederevo (Fig. 7) for the period
1992-2018 are attached year, with the proviso that
when grouping their data, the flow class interval was

250 m® 1. The characteristic curves for the dry, normal
and wet years recorded for the given series 1992-2018
are separated.

The analysis of mean monthly flows expressed in Parde’s
modular coefficients shows that the Danube at
the regression stations Batina (Bezdan) and Bogojevo
has an alpine snow regime. The primary maximum
occurs in May and June, when the values of modular
coefficients are from 1.25 to 1.45, while the much less
pronounced second maximum occurs in October and
November with values of modular coefficients slightly
higher than1. At the regression station Smederevo
Danube has a combined complex mode. It is
characterized by a complex regime with two annual highs
and lows. The first maximum occurs in March or April,
when the values of the modular coefficients range from
1.14 to 1.66. The second, mostly more pronounced
maximum  occurs in  December (exceptionally
in November), when the modular coefficients range from
1.37 to 2.04. The primary minimum occurs in August and
only at a few stations in July, when the values of
the modular coefficients range between 0.31 and 0.74.
The second, less pronounced minimum occurs regularly
in February with coefficient values from 0.78 to 1.31.
Insight into the graphs of mean monthly flows expressed
in modular coefficients for the Danube (Fig. 8) and
the Drava (regression station Terezino polje) and Sava
(regression station Zupanja stepenica) (Fig. 9) (Canjevac
and Oresi¢, 2018), rivers flowing into the Danube,
a similar shape of curves is visible for the Drava and
Danube at the stations Batina and Bogojevo, while
similar graphs for the Sava and Smederevo. These
similarities indicate the strong influences of the Drava
and Sava rivers on the changes in the flow regime
of the Danube.
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Fig. 5.  Characteristic flow duration curves for the Danube River represented
in modular coefficients (regression stations Batina/Bezdan).
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Fig. 6.  Characteristic flow duration curves for the Danube River represented
in modular coefficients (regression station Bogojevo).
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Mean monthly flows represented in modular coefficients for the Danube River

(regression stations Batina/Bezdan, Bogojevo and Smederevo).

Analysis of hydrological seasons

In order to better manage water resources, it is necessary
to find such a solution that they are used rationally,
conscientiously, environmentally and ultimately —
economically. Analysis of hydrological seasons is
an important basis for water resources management.
The analysis of multi-year mean monthly flows on
the observed section revealed two hydrological seasons:
the warm season from April to September with higher
flows and the cold season from October to March with
a negative flow trend. The analysis of the obtained results

for the regression stations Bezdan (Batina) (Fig. 10)
shows a slight tendency of increase of mean monthly
flows in the cold season as well as a slight trend of
decrease of mean monthly flows in the warm season
during the observed period. The lowest mean monthly
flow of the warm season of 1562 m® s was recorded
in 2003, and the cold one of 1700 m® s was recorded
in 1997. The mean monthly flow of the warm season is
3016 m3st, and the cold season is 2471 m3s,
The highest mean monthly flow of the warm season was
4250 m® st recorded in 2006, and in the cold season
3137 m3s™ was recorded in 2002.
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For the regression station Bogojevo, a significant positive
trend of mean monthly flows for the warm and cold
seasons during the observed period is observed. (Fig. 11.)
The lowest mean monthly flow of the warm season of
1701 m® st was recorded in 2003, and the cold season
2014 m®s? recorded in 1997. The mean monthly flow of
the warm season is 3016 m® s, and the cold season
2471 m3st, The highest mean monthly flow of the warm
season was 4250 m® s recorded in 2006, and in the cold
season 3137 m® st recorded in 2002.

For the regression station Smederevo (Fig. 12),
the results show a slight increase in mean monthly flows

Drava - Terezino polje
Alpine snow-rain regime
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1 \/\_——-\

12
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for both season with the proviso that it should be noted
that for the observed series from 1992 to 2018 one is
missing data period from 1997 to 2000 so the results for
this station should be taken with less dose of reliability.
The lowest mean monthly flow of the warm season of
2893 m® s was recorded in 2003, and the cold season
one of 3898 m® s was recorded in 2012. The mean
monthly flow of the warm season is 5103 m® s?, and
the cold season 5041 m3 s, The highest mean monthly
flow of the warm season was 7368 m? s recorded in
2006, and in the cold season 7018 m? s recorded in 2010
(Djedovi¢, 2020).
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Pannonian rain-snow regime
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Fig. 9.  Mean monthly flows represented in modular coefficients for the Sava River
(regression station Zupanja stepenica) and Drava River (regression station Terezino
polje).
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Fig. 10. Mean annual flows during warm (April-September) and cold (October—

March) season for the period 1992-2018 ( regression stations Batina/Bezdan).
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Conclusion

The regime of the Danube along its entire course is
variable, which is a consequence of natural and
anthropogenic influences. Analysis of the flow regime of
a watercourse, including the Danube, can be analyzed
with regard to different parameters and time intervals.
Given that the Danube is an international river with
a large catchment area, consisting of a large number of
countries, and a large number of different tributaries, it is
advisable to analyze the flow regimes on certain sections
with specific parameters of sections.

On the section of flow through Croatia and Serbia,
the Danube River has two flow regimes (according to
the Croatian classification of characteristic flow
regimes): alpine rain-snow regime (regression stations
Batina, Bezdan and Bogojevo) and combined-complex
regime at regression station Smederevo. The change in
the flow regime of the Danube is a consequence of
the confluence of the Sava River with the Danube, which
has a Pannonian rain-snow regime.
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Hydrological situation on Slovak rivers from the point of view of hydrological drought
assessment in the period 2011-2020

Zuzana DANACOVA, Katarina JENEIOVA®, Lotta BLASKOVICOVA

In this paper, the occurrence of the area-wide droughts during the years 2011 to 2020 in Slovakia is assessed on the data
from 164 water gauging station displayed online on the drought monitoring webpage of Slovak Hydrometeorological
Institute and further analysed on 43 selected water-gauging stations. The mean monthly discharges are compared with the
long-term mean monthly discharges for the reference period 1961-2000. Trend detection analysis of the mean monthly
discharges in period 1961-2020 was concluded by Mann-Kendall trend test. The months of April, June, July, August and
October were detected as the months with the highest occurrence of mean monthly discharges below 40% long — term
mean monthly discharges for the reference period. The trend analysis of the mean monthly discharges confirmed
significant decreasing trend in April, May, June, July and August. These results reinforce the need of continuous
monitoring of the mean monthly discharges. Results of the monitoring available online in form of simple graphical output
can present a tool for the timely detection of the incoming long-term drought periods with possibility of implementation

of appropriate measures.

KEY WORDS: hydrological drought, mean monthly discharge, online monitoring, Mann-Kendal trend test

Introduction

Due to climate change, the topic of drought and water
scarcity is an important issue in water management,
including for example water resources for agriculture,
various industries and surface water utilization in
navigation, fishing, etc.

The runoff regime in Slovak streams is generally
characterized by increased runoff in the spring months
and minimal flows in the summer-autumn season or in
winter for mountain streams. Trend analysis of total
annual precipitation at 48 stations in Slovakia for time
period from 33 to 119 years (end year 2019) showed no
significant changes (Repel et al., 2021). A study for
the time period 1981-2013 points to a change in
the distribution of precipitation during the year in
Slovakia. Observed was an increasing trend of
precipitation in June, July and January and a decreasing
trend of precipitation in December, April, May and
August (Zelenakova et al., 2017). In recent years several
hydrological droughts occurred in Slovakia in 2003,
2011-2012, 2015 (Fendekova et. al., 2017) and 2018
(Jeneiova et. al.,, 2019). By analysis of precipitation
records from 1981 to 2013 at 491 stations in Slovakia.
Fendekova et al. (2018) analysed drought events in 21%
century in Slovakia, among the results the water balance
components analysis for the time period 1931-2016
revealed decreased runoff in Slovakia, mainly due to

increased air temperature and balance
evapotranspiration. According to Blaskovicova (2020),
changes in long-term discharges in the years 2001-2015
compared to the reference period 1961-2000 coincide
relatively well with the hydrological drought
vulnerability map of Slovakia, which was created based
on analyses of changes in long-term discharges for
the reference period 1961-2000 compared to 1931-1980
time period. In this analysis, there was a decrease in
the values of mean annual discharges in the areas
originally designated as areas with low vulnerability:
Orava and Kysuce region (both located in the north
Slovakia) and tributaries of the Vah River from
the Carpathians. The evaluation of mean monthly
discharges in the period 2001-2015 compared to
the reference period 1961-2000 in this study showed
a significant increase in discharges in January for almost
the entire territory of Slovakia and a decrease in April and
October. A study on long-term fluctuations of low flows
based on analysis of daily flow and precipitation series
from 1980 to 2019 on the Laborec River (eastern
Slovakia) by Kubiak-Wojcika et al. (2021) identified
August and September as the months with the greatest
culmination of flows below 95% quantile.

Monitoring and studying long-term droughts gives
the valuable inputs for setting up the measures to
improve the hydrological situation in surface waters.
Since 2017 the Slovak Hydrometeorological Institute
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(SHMI), online on its website, is presenting the Drought
monitoring and evaluation based on operational data
from selected water-gauging stations, with little or no
human impact on the hydrological regime (SHMI, 2021).
This enables a daily assessment of the current situation
on Slovak streams during the year, with an emphasis on
the assessment of hydrological drought on surface
waters.

The presented paper deals with the evaluation of
the occurrence of the area-wide droughts during the years
2011 to 2020 in Slovakia by the analysis of mean
monthly discharges during a time period between 2011
and 2020 in comparison with long-term mean monthly
discharges for the reference period 1961-2000. Trend
analysis of the mean monthly discharges in period 1961
—2020 was concluded to assess the potential change in
the hydrological regime of Slovak rivers. This evaluation
shows the potential of the real time data use for
continuous hydrological drought assessment available
online on the SHMI web page (SHMI, 2021), which is
important for planning and proposals of appropriate
measures for timely drought mitigation measures.

Data and methods

The assessment is based on hydrological data from
selected 164 water-gauging stations of the Slovakian
hydrological network. The operational data (not verified)
from these stations are used for the online evaluation and
presentation of hydrological drought situation on
the SHMI website. The criterion for selection the stations
for hydrological drought monitoring was minimal or no
human impact on the hydrological regime. Water-
gauging stations affected, for example by abstractions
could appear to be significantly dry due to
the abstractions and not due to the hydrological situation.
On the SHMI website, the current hydrological situation
is displayed on a simple map of Slovakia, with
the possibility of zooming onto a specific region, as well
as with the possibility of selecting a water gauging station
for a detailed view of the discharges (SHMI, 2021).
Currently the website is only available in Slovak
language, an example of output is shown in Fig. 1. In this
paper, we focus on the assessment of the mean monthly
discharges (Qm), duringtime period between 2011 and
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M-denné prietoky
Rok: 2020 Vv  Mesiac: Apl“ ¥ 1S5 2> Stanica: | t y
) Zobrazit' rieky ) Zobrazit' povodia

Hodnotenie priemernych mesacnych prietokov aktudlneho roku je vyjadrené percentudlnou hodnotou aktudlneho priemerného mesacného prietoku k dlhodobej hodnote
priemerného mes prietoku pre dany kalenddrny mesiac, stanovenej za referencné obdobie 1961-2000. Hodnota priemerného mesacného prietoku zobrazena pre
aktudlny (neukonceny) mesiac je v grafe znazornend ciarkovane.
Udaje maju operativny (Iwa'ra-xe'. nepresli korekciou.

@ \ . ‘ Legenda ‘

@ L “Katowice

“Krakéw
Cesko Ostrava n
”& ; QO AP gl VN
/ O 7 / (." 3 )
“Brno :‘ng:}‘, % O % "~ m »
I 2o’ SIS ofBe ¢
\ T O 3 oJe) Q s
OIO‘"E 2360 © S R % 8 (&
e @) (9 ® 6)) Q. O
| © & %o >
S o®_ o2 °
CiWien (I O .
)—}}ra(lslava A0
O
'Budapest
Magyarorszag
b ; -
raz ﬁ(j!vl
@o20% @ 2040% Qa-60% O 60-80% O 80-120% @ 50 ® 20
% prislusného dlhodobého priememého prietoku za referenéné obdobie 196 )01
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webpage (SHMI, 2021).
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2020 in comparison with long-term mean monthly
discharges (Qma) for the reference period 1961-2000.

In this article the Qn for selected year in the range of 80—
120% Qma, 1961-2000 are considered to be the values close
to the relevant long-term values and months with Qn
higher than 120% Qma, 1961-2000 t0 be above normal to
extreme (more than 200%). As subnormal are rated
the months with Qm in the range from 60-80%
Qnma, 1961- 2000 and significantly below normal from 40 to
60% Qma, 1961-2000. The Qm lower than 40% Qnma, 1961-2000 iS
considered to be a manifestation of the dry month and
months with Qmn lower than 20% Qma, 1961-2000 are
considered to be extremely dry.

As the first step in assessment of the occurrence of
the hydrological drought we used graphical outputs from
the online version of the drought monitoring, where we

visually selected periods and areas with a predominant
occurrence of Qm below 40% of the relevant Qma, 1961-2000
for the hydrological years 2011 to 2020. These were
further analysed with verified discharge data from
43 representative water-gauging stations (Fig. 2), with
long-term observations at least since 1961 and with
the minimally affected hydrological regime. The basic
characteristics (average elevation, catchment area range)
for the main river basins in Slovakia based on 43 selected
stations are displayed in table 1.

The mean monthly discharge data from the 43 selected
gauging stations for the period 1961-2020 were further
tested for the occurrence of the trend in the Qm. The rank
based non-parametric Mann-Kendall trend test (Mann,
1945; Kendall, 1975), which is widely used trend
detection test in hydrology, was used for the analysis.

Table 1. Catchment characteristics of analysed water gauging stations
Number of water Catchment area Average elevation
Catchment - . o
gauging stations [km?] [ma.s.l]
Morava 1 47.1 144.3
Dunaj 2 7.25-131331.1 224.8
Nitra 2 136.08-181.57 310.7
Véh 17 8.4-1107.21 528.7
Maly Dunaj 3 19.09-37.86 247.8
Hron 6 36.01-582.08 565
Ipel 1 214.27 142
Slana 3 31.97-148.95 334
Hornad 3 68.23-1298.3 434.1
Bodrog 3 173.94-2915.46 110.8
Poprad 2 34.89-44.64 781.7
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Fig. 2.  Water gauging stations selected for the analysis.
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The test statistic S equals to:

S = TR Xforrr sign( — xi) @)
Where
Xj  —are the values of the data;
n  —is the length of the time series and
Sign(xj-x) = 1; if Xj-xx > 0;
=0; if xx =0; (2)
=-1; if Xxx <0

In case the time series has n>8, the statistic S has and
almost normal distribution, and its variance is computed
as:

VAR(S) = i [n(n— 1) (2n+5) = ¥I_, t,(t, — D(2t, +5)]  (3)

where

g —isthe number of tied groups,

t, —the amount of data with the same value in the group
p=1..g.

The normalised test statistic Z:

S-1
Jvar(s)
Z=<0
S+1

\Fa

for S

forS = 0.
forS < 0

>0
(4)

If the Mann-Kendall test statistic Z equals to zero, it is
expected that the data are normally distributed and there
is no trend present in the time series. Positive values of
the Z statistic point to increasing trend and negative ones
to decreasing trend in the time series. The detected trend
was evaluated on the significance level of p=0.05.

Results and discussion

Online monitoring of hydrological drought offers simple
map overview of the Qn during time period 2011-2020
in comparison with Qma, 1961-2000. BY the visual analysis of
the maps in selected time period we have identified
the periods from October 2011 to September 2012 and
from April 2018 to January 2019 as the periods with
the highest occurrence of respective Qm below 40%
Qma, 1961-2000- During these time periods the mean monthly
discharges were continuously below 40% Qma,1961-2000
also in areas of Slovakia, which are usually not
particularly prone to low flow occurrence, for example
the north-west part of Slovakia.

Table 2 contains the percentage of 43 analysed water-
gauging stations with Qn lower than 40% Qma.
The results of the analysis of the data shows that between
2011-2020 the years with the highest occurrence (more
than 40% of evaluated stations) of Qm lower than 40%
Qma Were the years 2012, 2015, 2018, 2019 and 2020.
In addition, it confirms the results of the visual analysis
of the longest time events of respective Qm below 40%
Qma, 1961-2000 from October 2011 to September 2012 and
from April 2018 to January 2019.

Months of April, June, July, August and October were
the months with the highest occurrence of Qm below 40%
Qma,1961-2000 (More than 20% of analysed water gauging
stations, Table 2.). The percentage of mean monthly
discharges in April in time period 2011-2020 in
comparison with Qma1961-2000 IS Shown in the Table 3.
The increasing occurrence of drier months in last years is
clearly visible. The highest country-wide (all areas
except of High Tatras mountains region) occurrence of
Qm below 40% Qma,1961-2000 Was in April 2020 at 70% of
analysed stations (Fig. 3). These results confirm the study
of Blaskovicova (2020). Especially the higher occurrence
of values under the average in April signifies the change

Table 2. The percentage of analysed water gauging stations with Qm lower than 40%
of Qma 19612000 (yellow 20%-40% of stations, red 40% and more of
the stations)

Month/Year 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
11 0% 67% 7% 5% 7% 5% 2% 7% 51% 5%
12 0% 47% 16% 19% 7% 9% 5% 2% 40% 5%
1 0% 14% 0% 5% 0% 2% 21% 0% 23% 16%
2 0% 33% 0% 0% 0% 0% 2% 0% 2% 2%
3 12% 16% 0% 21% 2% 5% 12% 7% 12% 2%
4 23% 35% 0% 47% 2% 28% 26% 23% 53% 70%
5 37% 44% 0% 2% 5% 2% 9% 47% 0% 58%
6 19% 21% 0% 23% 28% 23% 30% 26% 12% 0%
7 0% 30% 23% 12% 40% 7% 28% 33% 42% 12%
8 0% 42% 33% 2% 44% 7% 26% 35% 16% 14%
9 19% 53% 7% 0% 35% 7% 2% 23% 9% 5%
10 37% 9% 30% 2% 26% 5% 2% 47% 23% 0%
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of the yearly hydrological regime. If a snow cover is not
formed in the winter season (December—February), or
sudden increase of temperatures happens (years 2011 to
2020 are the warmest decade on record according to 2020
WMO provisional report) then the condition for spring
season, usually typical for higher runoffs in Slovakia
(March—May) are not met. This, in combination with
the changing  climatological regime influence
the hydrological regime and its distribution during
the year.

Inthe next step we analyzed the long term trends in

the selected 43 stations to further assess the potential of
the change in the hydrological regime. Significant trend
was detected by the Mann-Kendall trend test at the 95%
confidence level. The highest occurrence of significant
decreasing trend in the period 1961-2020 was in April in
47% of the evaluated stations (Fig. 4). Significant
decreasing trend was also detected in May (28% of
stations), June (40% of stations), July (23% of stations)
and August (19% of stations). On the other hand
significant rising trend was detected mostly in January
(9% of stations) and February (19% of stations).

Table 3. The percentage of mean monthly discharges in April in period 2011-2020
in comparison with Qma, 1961-2000
Station ID Station River 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
5100 Lab M ociarka 53 26 116 25 41 53 36 27 43 26
5130  Spariskd Vydrica 112 s6  [i88  26 61 47 31 51 2 [
5140 Bratislava Dunaj 60 87 102 Bb) 92 72 72 87 85 56
5160  Pezinok Blatina 61 33 31 70 45 22 40 q
5250 Horné Oresany Parnd 104 23 43 76 69 - 46 20
5260 Pila Gidra 78 31 41 67 41 39 25 30
6540 Nedozery Nitra 88 42 38 106 43 81 45 37 36
6620  Liestany Nitrica 29 43 27 8 37 70 30 a [
5310 Ciemy Vih Ipoltica 46 76 63 % o1 w [l = 42
5330 Vychodna Biely Vah 62 73 60 86 60 92 95 58 53
5400 Podbanské Bela 95 102
5550 Liptovsky Mikula§ ~ Véh 57 95 93 119 105 63
5730  Partizanska Cupca Lup&ianka 46 80 79 96 120 66 53
5740 Podsucha Revuca 35 95 57 78 92 75 40
5790  Lubochna Lubochnianka 50 99 62 79 7 79 42
5800  Lokca Biela Orava 49 88 35 42 82 24
5810  Oravska Jasenica Veselianka 37 100 85} 81 29 37 64 20
5820  Zubrohlava Polhoranka 41 34 89 42 37 67 27
5840 Trstena Oravica 55 88 72 94 34
6130  Martin Turiec 40 88 48 118 36
6180  Cadca Kysuca 51 70 26 86
6360  Bytca Petrovicka 41 66 29 102
6390  Vydma Petrinovec 41 26 24 92 26
6400  Dohiany Biela voda 28 39 34 103 21
6450 Horné Stnie Vlara 42 39 29 101 23
6950 Zlatno Hron 42 41 43 7 36
7015  Brezno Hron 42 42 43 81 34
7045  Hronec Cierny Hron 40 24 29 63 30
7060  Bystra Bystrianka 60 78 61 91 54
7065  Myto p. Dumbierom Stiavnicka 40 70 46 83 34
7070  Dolna Lehota Vajskovsky potok 52 69 60 84 51
7600  Plastovee Litava 27 80
7660  Dobsind Dobsinsky potok 49 31 55 67 36
7730 Stitnik Stitnik 58 22 52 63 44
7860  Lehota nad Rimavicou Rimavica 52 33 80 42
8530 Stratena Hnilec 44 33 43 68 31
8560  Jaklovce Hnilec 39 25 28 45 27
8870 Kosické Olsany Torysa 47 39 42 53 33
9320  Lekérovce Uh 42 99 27 53 22
9410 Velké Kapusany Latorica 39 72 27 49 28
9620  Jasenovce Orlka 49 56 37 34 29
7930  Zdiar, Podspady Javorinka 84 114 110 102 68
8070  Poprad, Matejovce  Slavkovsky potok 69 72 116 89 48
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in April in the 1961-2020 time period, detected significant trend at 95% confidence level
is marked according to the legend.

Conclusion

The potential of the use of the real-time data for
continuous hydrological drought assessment online on
the SHMI web page (SHMI, 2021) was evaluated.
The analyses show the change in the hydrological regime
of the Slovak rivers and increase of the low flows
occurrence in previously not prone areas. Therefore
a further analysis of the occurrence of the area-wide
droughts during the years 2011 to 2020 in Slovakia was
concluded by the analysis of Qm during this time period
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The results of the Mann — Kendall trend test for the mean monthly discharges

in comparison with long-term values for reference period
Qma,1961-2000 for selected 43 gauging stations. The results
show, that the months of April, June, July, August and
October were detected as the months with the highest
occurrence of Qn below 40% Qma, 1961-2000 iN the 2011
2020 time period. The trend analysis of the mean monthly
discharges in the period 1961-2020 by the Mann-Kendall
trend test assessed the potential change in the hydro-
logical regime of Slovak rivers and confirmed significant
decreasing trend in April, May, June, July and August for
the 1961-2020 time period.
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These results reinforce the need of continuous online
monitoring of the mean monthly flows. The lower
discharges in months where historically the highest
runoff of the year is manifested are not so visible on
the first sight — there are no close-to-dry riverbeds
minimum discharges occurring. However, the situation
with decreasing spring runoff (March, April, May)
together with changing climatic conditions can introduce
a critical start of a serious dry period later in summer
(June, July, August) or even for a longer period.
Therefore, there is aneed to carefully monitor mean
monthly flows in comparison with long-term mean
monthly discharges (especially under 40% and 20%).
Results of the monitoring available on the SHMI
webpage can present atool for the timely detection of
the incoming long-term drought periods with possibility
of timely implementation of appropriate measures.
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Identification of the historical drought occurrence on the Danube River and its tributaries

Dana HALMOVA®, Pavla PEKAROVA, Jan PEKAR, Pavol MIKLANEK,
Veronika BACOVA MITKOVA

In the presented paper, the changes in the minimum flows at five stations along the length of the Danube River and at its
5 selected significant tributaries were analyzed. Average daily flows with the longest possible series of observations (since
1901 or since 1921) were used as input data. In the first part, low water content, hydrological drought were statistically
analyzed and long-term trends of 1- to 90-day minimum flows were identified. The second part presents changes in T- year
minimum daily flows in selected stations. The most extreme drought at Hofkirchen occurred in 1921. Drought at Orsova
occurred around 1862/63, 1882/83, 1900, 1920/21, 1946/47, 1961/62, 1971, 1991/92 and 2017 / 19. The analyzes show
that there is a more or less regular alternation of water and low-water periods along the entire length of the Danube. Multi-
annual dry periods along the length of the Danube occur in the same periods. In contrast, on the Danube tributaries, the dry

seasons are time-shifted.

KEY WORDS: the Danube River basin, low flow and failure characteristics, hydrological drought, IHA model

Introduction

In the last decade after 2010, several dry years occurred
in the entire Danube basin. E.g. Kukla et al. (2019) cites,
that in the Czech Republic the year 2018 was
the culmination of a number of few water years since
2014. The hydrological drought in 2018 affected
practically the entire territory of the Czech Republic. In
most rivers, their levels fell down to the level of
hydrological drought (355 daily flow) for several weeks.
In the Slovak part of the Morava river basin, 2017 and
2018 were also extremely dry. Mészaros (2018) cites,
that in 2017, below-average flow was recorded in all
stations in the Morava river basin, the most stations had
more than 10-day periods with a flow below Qsss and
eleven stations were more than one day below Qsgs. In
four water gauging stations there were days during which
the riverbeds were dried and in two stations there were
days with a flow rate of less than 0.001 m3s%. The lowest
flows occurred from June to September, but also in
January, which was extremely cold. In the water gauging
station with the longest series of measured flows,
Moravsky Svity Jan: Morava, the year 2017 was
evaluated as the third driest since the beginning of
measurements. The water shortage situation was repeated
in 2018.

Drought is a natural hazard. However, it differs in several
ways. Most natural hazard (floods, earthquakes) arise
very quickly (sometimes without any warning) and have

a rapid course (Pekarova et al., 2008). Drought is
characterized by a slow onset and development that lasts
for months. It can sometimes occur throughout a season,
year, and even a decade. Determining the beginning and
end of a drought is quite complex and requires
the analysis of several meteorological as well as
hydrological characteristics. The effects of drought are
cumulative, the magnitude of the drought intensity
increasing with each passing day. We encounter
the effects of extreme drought for several years after
the occurrence of average rains.

In Europe, drought occured in the Mediterranean, in
Spain, Italy or Greece. But also in the Danube basin in
the past there were several extremely dry periods, e.g. in
1921, 1947, 1992-93, 2003, 2015. In the studies of
Slovak and foreign authors, eg: Dracup et al. (1980),
Wilhite and Glantz (1985), Bonacci (1993), Fendekova
and Némethy (1994), Leskova, (1997), Tallaksen et al.
(1997), Byun and Wilhite (1999), Tate and Gustard
(2000), Smakhtin and Hughes (2007), Brilly (2010),
Klementova and Litschmannn (2001), Stahl (2001),
Hisdal et al. (2001), Smakhtin (2001), Blinka (2004,
2005), Hrvor’ and Tomlain (2008), Halmova et al. (2011),
Fendekova et al. (2017), Hanel et al. (2019), Holo§ and
Surda (2021) we can find a number of drought
definitions.

Wilhite and Glantz (1985) define the following four types
of drought:

» Meteorological drought: usually assessed on the basis
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of the deviation of precipitation from normal for
a certain period of time. It thus expresses one of
the primary causes of drought.

» Hydrological drought: expressed in terms of deficits
in surface and subsurface water supplies.

« Agricultural (soil) drought: usually refers to the soil
moisture needs of specific crops at a given time.

 Socio-economic drought: a definition linking drought
with economic theory of supply and demand.

An overview of older works concerning the processing of
low water characteristics in Slovakia can be found in
Szolgay (1977), Drako and Majer¢akova (1989), Balco
(1990), Majercakova (1995), Majer¢akova et al. (1995,
1997), Burger (2005), Demeterova and Skoda (2004,
2005, 2009), or Kohnova et al. (2021). A detailed
elaboration of the characteristics of low water content of
Slovak streams can be found recently in Fendekova et al.
(2017).

The aim of this paper is to identify the occurrence of
hydrological drought in rivers in a uniform manner in
selected stations on streams in the Danube river basin for
the longest possible time periods. Therefore, in
the statistical analysis, rivers were selected where there
have been evaluated daily discharges at least since 1921.

Data

At statistical evaluation of minimum discharges and to
identify the occurrence of extreme hydrological
droughts, we used a database of average daily discharges,
processed within the international project IHP UNESCO
WATSIM.

We selected 5 stations on important Danube tributaries
(Lech: Landsberg (1901-2019), Morava: Moravsky sv.
Jan (1901-2019, except 1917-1919), Vah: Liptovsky
Mikulas (1921-2019), Tisza: Senta (1921-2019), Sava:
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Litija (1895-2019). The following stations were selected
on the Danube: Hofkirchen (1901-2019), Achleiten
(1901-2019), Bratislava (1876-2019), Orsova (1840—
2005) and Reni (1921-2019) (Fig. 1).

The basic hydrological characteristics of the flows for

the observation period are shown in Table 1.

The example of average daily flow rates for Morava:

Moravsky sv. Jan is rendered on Fig. 2. From the course

of 4-year moving averages of daily values it is obvious,

that multi-annual dry periods occur more less regularly
on the Morava River.

To evaluate the hydrological drought, it is evaluated:

« flow characteristics (minimum average daily flow
rate (monthly and annual step, for the entire period),
M-daily flow (curve of exceeding average daily
flow), minimum monthly and annual flow rates, N-
year minimum flow);

- failure characteristics: Time occurrence of dry
periods (occurrence date, number of days of low flow
period, longest dry season) and insufficient volumes.

Multiple time courses were assessed from average daily
flow rates that represent a hydrological river regime (with
an emphasis on hydrological drought):

o time series of average annual flow;

e time series of 1-, 3-, 7-, 30-, and 90-day minimum
flow by calendar year;

e the time range of the annual minimum flow
(the occurrence day of the extreme from 1 — to
365/366, 1 means the 1st January; 355/356 means 31.
December);

e BFI (BASIC FLOW INDEX) — Basic drain index,
calculated as a 7-day minimum flow / average flow
rate per year.

An example of created rows for Morava River in
Moravsky sv. Jan is presented in Fig. 2 and 3.

300 400 km

tributaries [ma. sm;,.ll]m
Danube _—
Fig. 1.  Localization of used stations in the Danube Basin.
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Fig. 2.  The course of average daily flow on Morava: Moravsky sv. Jan for the period
1901-2019 (dark blue line). The course of the 4-year-moving average (light blue line).
Table 1. Basic discharge (Q) characteristics and average long-term specific runoff (ga)
Area Qnmean Qnmin Qmax Q330-day Q30-day Oa
[km?] [m3s?]  [mis?] [més? [m3s?] [m3s?] [I stkm?]
Lech: Landsberg 2295 82 14.30 989 34 157 35.8
Morava: M. sv. Jan 24129 107 9.40 1573 29 247 45
Vah: L. Mikulas 1107 21 4.20 300 7 44 18.5
Tisza: Senta 141715 782 79.0 3730 219 1739 5.5
Sava: Litija 4821 176 23 1992 59 373 36.4
Danube: Hofkirchen 47496 635 165 3450 337 1070 134
Danube: Achleiten 76653 1414 349 9300 740 2350 18.4
Danube: Bratislava 131338 2049 580 10810 1042 3420 15.6
Danube: Orsova 576232 5565 1060 15092 2760 9020 9.7
Danube: Reni 805700 6539 1280 15900 3260 10800 8.1
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Methods
Statistical analyses

Statistical methods were used for data processing (time
series, trend and frequency analysis) using special
hydrological data processing software, e.g. AnClim
(Stepanek, 2004), IHA (Indicators of Hydrologic
Alteration) Software (The Nature Conservancy, 2007,
2009, Mathews and Richter (2007), Gao et al. (2009)),
PeakFQ Software (Flynn et al., 2006) and
STATGRAPHICS Plus.

Analysis of the frequency and duration of dry periods.

In the next step, the frequency of dry periods was
evaluated. Hydrogram of average daily flow rates were
separated into 5 types of flow:

low flows,

extreme low flows,

high flow pulses,

small foods,

large floods.

agprwhE

Periods of low flows are the dominant phenomenon in
most rivers. In the natural riverbeds, after a period of
rains or after melting the snow cover, the total (surface
and subsurface) runoff from the catchment gradually
decreases, while the runoff returns to its original flow
state. These low flow rates are maintained by
groundwater inflows into the streams. Extreme Low
Flow periods occur during very long dry periods, when
the river flows decrease and get into very low values.
The following criteria were used for hydrogram
separation:
1. Extremely low flow rates - below 10% low flow rates.
2. Pulses / Periods of increased flow rates are all flow
events with a flow over 25% (a flow wave begins if
more than 25% per day will rise and ends if
the decrease is less than 10% per day, while the flow
does not fall below 50% value).
3. Small floods are defined as pulses / period of
increased flow rates at least once in 2 years.
4. Large floods are defined as pulses / period of
increased flow times with a recurence time at least
once every 10 years.

An example of separation of average daily flow for large
floods, small floods, periods of increased flow, low flow
and extremely low flow periods in the Morava: Moravsky
sv. Jan is shown in Fig. 4. Long-term changes in
separated flow were identified by trend analysis.

Hydrological software IHA (Indicators of hydrological
alterations) version 7 was used to identify changes in
daily flow regime. The software IHA has been developed
by The Nature Conservancy (TNC) as an easy-to-use tool
for calculating the characteristics of natural and altered
hydrologic regimes. The method and software will work
on any type of daily hydrologic data and the power of
the IHA method is that it can be used to summarize long
periods of daily hydrologic data into a much more

manageable series of ecologically relevant hydrologic
parameters.

Results
Statistical analyses

To characterize the periods of low water levels, which are
the most significant manifestation of hydrological
drought, parameters belonging to statistical, positional
and probabilistic characteristics using time series of
average daily flows are generally used. In addition to
these characteristics, the volume and time characteristics
of the drought are also determined. Methodically,
the flow parameters of extreme flows in the region of
the extreme minimum were assessed.

Rows of 4-year moving average daily specific runoff
were calculated from the average daily discharges of
selected five rivers in the Danube basin and from gauging
stations on the Danube (Fig. 5a). The multi-annual small-
water and water periods alternate more or less regularly
cyclically along the entire length of the Danube in
the same periods. Dry seasons occurred around 1862,
1882/83, 1900, 1920/21, 1946/47, 1961/62, 1971,
1991/92 and 2017/19. An extremely dry multi-year
period occurred on the Danube at the Orsova station
around 1863 and then around 1991. The cyclic repetition
of dry periods on the Danube flow is shown by the red
arrows in Figs. 5a, 5b. It is obvious that there is no
significant shortening or lengthening of cycles.

From Fig. 5b on the example of the Morava River, it is
evident that in the period 1921-1923, extreme 90-day dry
periods occurred in three successive years. It was similar
in 1932-1935; in 1947; in 1990-1994. Since 2013, an
extremely dry period started again. The situation is
similar on the Tisza River. The example of the Danube
tributary Lech shows that extreme drought occurred at
the turn of the 20th and 21st centuries, a more
pronounced drought also occurred around 1960.

The results of the trend analysis are documented in
Table 2. The analysis of selected characteristics of low
water content of selected streams in the Danube basin
shows that the period 1920-1921 was an extremely dry
period, that the series of minimum discharges (1-, 3-, 7-,
30- and 90-day minimum discharges) in water gauging
stations on the Danube River and selected tributaries are
generally growing.

However, from the analysis of flows in the Danube:
Orsova and Sava: Litija water gauging stations, it is clear
that all evaluated minimum flows have a decreasing
trend. For the Morava River, while the 7- day minimum
flows are rising slightly, in the case of the 90-day
minimums, the trend is slightly decreasing.

Regarding the occurrence of the minimum flow during
the year, the differences are evident. In some water
gauging stations their occurrence is evident at one time
of the year (eg. Danube: Bratislava, Danube: Orsova,
Lech: Landsberg, Morava: Moravsky sv. Jan, Vah:
Liptovsky Mikulag) and in others the minimum flow
occurred throughout the year, whether in summer or
winter (Danube: Hofkirchen, Sava: Litija).
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Identification of historical droughts on the Danube and
selected tributaries.

In the second part of the study, the duration of low and
extremely low flow rates was evaluated. As mentioned in
the Methods, we used IHA software to separate
the hydrogram of average daily flows.

In order for the results of IHA outputs to be objective, it
is necessary to have inputs from sufficiently long series
of hydrological observations, which is fulfilled in our
case. Examples of hydrogram separation for three
stations on the Danube: Achleiten since 1901, Bratislava
since 1876 and Reni since 1921 are depicted in Figs. 6.
Extreme floods are better seen in the graphs. While
floods occur in the Upper Danube region in the same
years, the situation in the Lower Danube region is
different. The wet period in the Lower Danube region
was in the years 1939-1941. On the contrary,
an exceptionally dry period in the Danube basin occurred
in 1921, while low flows were recorded as early as
November and December 1920, which is also evident
from Fig. 7, where hydrograms of daily flows from 1920
and 1921 are plotted (graphs on the left) and from the dry

Table 2.

years of 1947 and 2003, from selected water gauging
stations on the Danube: Bratislava, Orsova (Turnu
Severin) and Reni.

The IHA software methodology allows to evaluate
selected characteristics of minimum flows (average of
extremely low wave flows per year, day of occurrence,
average duration of waves, number of waves per year)
and subsequently present changes of extremely low flow
events of the Danube (Fig.8a). The trends of
the extremely low flow event averages correspond to
the trends of the average annual minimum flows.
The time of occurrence of droughts and the duration of
the drought at Hofkirchen station are interesting.
The greatest drought occurred at this station in 1921.
After 1970, changes in the date of the occurrence of
extreme drought can be seen. The average duration
decreased at all selected water gauging stations. At the
same time, the number of these events has increased
during the year, only at the Reni station it is slightly
decreasing. This means that although droughts last for a
shorter time, they occur more often a year. This results
from the setting of input parameters in the IHA model.
The annual averages of extremely low flows have almost

Trend line slope coefficient of 1-, 3-, 7-, 30- and 90-day minimum flows at water

gauging stations on the Danube River (Danube: Hofkirchen, Danube: Achleiten,
Danube: Bratislava, Danube: Orsova, Danube: Reni) and water gauging stations on
selected tributaries (Lech: Landsberg, Morava: Moravsky sv. Jan, Vah: Liptovsky
Mikulas, Tisza: Senta, Sava: Litija). The negative slope coefficients are underlined.

Danube: Hofkirchen

Lech: Landsberg

1-day minimum 0.2837 1- day minimum 0.0727
3- day minimum 0.2974 3- day minimum 0.0834
7- day minimum 0.2953 7- day minimum 0.0914
30- day minimum 0.2145 30- day minimum 0.0967
90- day minimum -0.0027 90- day minimum 0.0980

Danube: Achleiten

Morava: Moravsky sv, Jan

1- day minimum 0.975 1- day minimum 0.0217
3- day minimum 1.050 3- day minimum 0.0271
7- day minimum 1.098 7- day minimum 0.0275
30- day minimum 1.062 30- day minimum -0.0055
90- day minimum 0.765 90- day minimum -0.0455

Danube: Bratislava

Vah: Liptovsky Mikulas

1- day minimum 0.5138 1- day minimum 0.0108
3- day minimum 0.6531 3- day minimum 0.0095
7- day minimum 0.7763 7- day minimum 0.0080
30- day minimum 0.6962 30- day minimum 0.0031
90- day minimum 0,3950 90- day minimum -0.0071

Danube: Orsova

Tisza: Senta

1- day minimum -0.7407 1- day minimum 0.934
3- day minimum -0.2196 3- day minimum 1.075
7- day minimum -0.1628 7- day minimum 1.145
30- day minimum -0.6802 30- day minimum 1.294
90- day minimum -2.0360 90- day minimum 0.799
Danube: Reni Sava: Litija

1- day minimum 7.094 1- day minimum -0.0738
3- day minimum 7.098 3- day minimum -0.0773
7- day minimum 6.896 7- day minimum -0.0768
30- day minimum 6.564 30- day minimum -0.1280
90- day minimum 4.778 90- day minimum -0.2686
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zero, resp. slightly increasing trend. They rise most
significantly at the station Danube: Reni.

The same analysis we performed after processing
the daily flows of selected tributaries of the Danube
River (Lech, Moravia, Vah, Sava). Changes in
the extremely low flow events of selected tributaries of
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Conclusion

minimal discharges occur in the same periods. In

contrast, in the significant tributaries of the Danube Tisza
The presented contribution focused on a uniform and Sava rivers, droughts occur with a time shift — we

evaluation of the occurrence of dry periods in terms of  could say that when dry years predominate in the Tisza,
minimum flows of selected rivers in the Danube river the Sava period is dominated by periods with higher
basin. Water gauging stations in which observations have  flows (Fig. 5b). This is also true on a larger scale: in the
existed since at least 1921 were selected. The analysis  years when extremely humid years prevailed in the
shows that high and low-flow periods alternate along  Danube basin, more than 70% of US territory was
the entire length of the Danube (Fig. 5a). On the Danube,  affected by the longest drought. (Between 1933 and
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1940, a known drought occurred in the United States
under the name Dust Bowl, Andreadis et al., (2005);
Ganguli and Ganguly (2016)).

The most extreme drought in the Hofkirchen water
gauging station occurred in 1921. The time of occurrence
of the droughts in the Orsova station is interesting. Dry
seasons occurred around 1862/63, 1882/83, 1900,
1920/21, 1946/47, 1961/62, 1971, 1991/92 and 2017/19.
An extremely dry multi-year period occurred on
the Danube at the Orsova station around 1863 and then
around 1991. We do not consider these results to be final,
further detailed analysis is needed. The results suggest
that dry seasons occur more or less regularly. Dry periods
occur at both lower and higher air temperatures.
However, ahigher air temperature increases
the evaporation and there is less water in the streams —
e.g. in Slovakia, despite higher precipitation, flows have
been declining in recent years.

The evaluation of minimum flows and basic low flow
characteristics is one of the basic bases for the design,
construction and operation of water management
facilities and facilities on streams for the purpose of
economic management of water resources, therefore it is
necessary to pay attention to these issues.

Acknowledgement

This study was supported by projects MVTS “Low flow
and hydrological drought in Danube basin“, and APVV-
20-0473 “Regional detection, attribution and projection
of impacts of climate variability and climate change on
runoff regimes in Slovakia .

References

Andreadis, K. M., Clark, E. A., Wood, A. W., Hamlet, A. F.,
Lettermaier, D. P. (2005): Twentieth century drought in
the conterminous United States. Journals Online,
American Meteorological Society,
http://journals.ametsoc.org/doi/abs/10.1175/JHM450.1

Balco, M. (1990): Mala vodnost” slovenskych tokov. Veda,
Bratislava, 260 s.

Blinka, P. (2004): Klimatologické hodnoceni sucha a suchych
obdobi na tzemi CR v letech 1876—2003. (Climatological
evaluation og drought and dry periods in Czechia in
the period 1876-2003). Roznovsky, J., Litschmann, T.
(ed): Seminaf ,,Extrémy pocasi a podnebi, Brno.

Blinka, P. (2005): Klimatologické hodnoceni sucha a suchych
obdobi na tizemi Ceské republiky v letech 1876-2002.
(Climatological evaluation of drought and dry periods on
the territory of Czech Republic in the years 1876-2002).
Meteorologické zpravy, 58, 10-18.

Bonacci, O. (1993): Hydrological identification of drought.
Hydrological Processes, 7, 249-262.

Brilly, M. (2010): Hydrological Processes of the Danube River
Basin, Springer, 328 pp.

Burger, F. (2005): Koncept a identifikacia hydrologického
sucha - deficitu podzemnej vody. (The concept and
identification of hydrological drought — groundwater
drough). Acta Hydrologica Slovaca, 6, 1, 3-10.

Byun, H.R., Wilhite, D.A. (1999): Objective Quantification of
Drought Severity and Duration, Journal of Climate, 12,
2747-2756.

Demeterova, B., Skoda, P. (2004): Porovnanie vybranych M-
dennych prietokov v obdobi 1961-2000 a 1931-1980 na

tzemi Slovenska. (Comparison of M-day discharges in
1961-2000 and 1931-1980 at the territory of Slovakia).
Met. Cas., 7, 3, 137-142.

Demeterova, B., Skoda, P. (2005): Rezim miniméalnych
prietokov na slovenskych tokoch v obdobi 1961-2000 na
staniciach Narodného Klimatického Programu. (Minimal
discharges at the Slovak rivers in the period 1961-2000 at
the stations of National Climate Programme). Met. Cas.,
8, 3, 155-163.

Demeterova, B., Skoda, P. (2009): Mala vodnost’ vybranych
vodnych tokov Slovenska. (Low flow in selected streams
of Slovakia). J. Hydrol. Hydromech., 57, 2009, 1, 55-69.
DOI: 10.2478/v10098-009-0006-0.

Dracup, J. A., Lee, K. S,, Paulson, E. G. Jr. (1980): On
the definition of droughts, Water Resource Research, 16,
297-302.

Drako, J., Majercakova, O. (1989): N-roéné minimalne
prietoky. Zbornik prac SHMU, 29/1, ALFA Bratislava,
307-380.

Fendekova, M., Némethy, P. (1994): Low flows of
Starohorsky Potok brook and their affecting factors.
FRIEND: Flow regimes from International Experimental
and Network Data, IAHS Publ. 221, 163-169.

Fendekova, M., Podrové, J., Slivovd, V., Eds. (2017):
Hydrologické sucho na Slovensku a prognéza jeho vyvoja
(Drought and prognosis of its development in Slovakia) 1.
vydanie. Bratislava, Univerzita Komenského, 2017. ISBN
978-80-223-4398-5, 300 s.

Flynn, K. M., Kirby, W. H., Hummel, P. R. (2006): User's
manual for program PeakFQ, Annual Flood Frequency
Analysis Using Bulletin 17B Guidelines: U.S. Geological
Survey Techniques and Methods Book 4, Chap. B4, 42 pp.

Gao, Y., Vogel, R. M., Kroll, Ch. N., Poff, N. L., Olden, J. D.
(2009): Development of representative indicators of
hydrologic alteration. Journal of. Hydrology, 374, 136-
147. Doi: 10.1016/j.hydrol.2009.06.009.

Ganguli, P., Ganguly, A. R. (2016): Space-time trends in U.S.
meteorological droughts. Journal of Hydrology: Regional
Studies, 8, 235-259.

Halmova, D., Pekérova, P., Mészaros, 1. (2011): Identifikacia
zmien minimalnych dennych prietokov vo vybranych
staniciach rieky Dunaj (Low flow change ananlysis in
selected gauging stations on the Danube River). In: Acta
Hydrologica Slovaca, Vol. 12, No. 2, 2011, 286-295.

Hanel, M., Rakovec, O., Markonis, Y., Moravec, V., Mica, P.,
Kysely, J., Samaniego, L., Kumar, R. (2019):
Vyhodnoceni zmén vyskytu sucha v dlouhodobé
perspective. In: Zbornik abstraktov Sucho 2014-2018, jin
2019, CHMU aVUV TGM, Praha, 11-13.
(https://www.chmi.cz/files/portal/docs/ruzne/Sbhornik_Su
cho_komplet_web.pdf)

Holos, S., Surda, P. (2021): Evaluation of drought — review of
drought indices and their application in the recent studies
from Slovakia. Acta Horticulturae et Regiotecturae —
Special Issue/2021, 97-108.

Hisdal, H., Stahl, K., Tallaksen, L. M., Demuth, S. (2001):
Have streamflow droughts in Europe become more severe
or frequent? Int. J. Climatol., 21, 317-333.

Hrvol, J., Tomlain. J. (2008): Dlhodoby chod indexu sucha na
vybranych staniciach Slovenska za obdobie 1951-2007.
In: 16. Medzinarodny posterovy deii. UH SAV. Bratislava.
225-231.

Klementova, E., Litschmann, T. (2001): Vysledky hodnotenia
sucha v oblasti Hurbanova. RoZnovsky, J., Janous, D. (ed):
Sucho, hodnoceni a predikce. Pracovni seminaf, Brno
2001.

Kohnova, S., Poorova, J., Blaskovi¢ova, L., Danacova, M.
(2021): Detection of changes in the mean monthly
discharges on the Vah river basin in Slovakia. Public

246


http://journals.ametsoc.org/doi/
https://www.chmi.cz/files/portal/docs/ruzne/Sbornik_Sucho_komplet_web.pdf
https://www.chmi.cz/files/portal/docs/ruzne/Sbornik_Sucho_komplet_web.pdf

Halmova, D. et al.: Identification of the historical drought occurrence on the Danube River and its...

Recreation and Landscape Protection — With Sense Hand
in Hand! Conference Proceedings, 146-149.

Kukla, P., Boh4g, M., Kourkova, H., Sercl, P. (2019):
Zhodnoceni vyvoje povrchovych vod v roce 2018.
(https://www.chmi.cz/files/portal/docs/ruzne/Sbornik_Su
cho_komplet_web.pdf) In: Zbornik abstraktov Sucho
2014-2018, jun 2019, CHMU a VUV TGM, Praha, 3-7.

Leskova, D. (1997): Selected statistical and probability
characteristics of low flow. SVH, SHMU Bratislava, 57 s.

Majeréakova, O. (1995): Niektoré problémy posudzovania
malej vodnosti a minimalnych prietokov. Prace a stadie
50, SHMU, Bratislava, 14-18.

Majeréakova, O., Leskova, D., Sedik, P. (1995): Selected
characteristics of low flows of Slovak rivers. J Hydrol.
Hydromech., 43, 4-5, 331-353.

Majeréakova, O., Fendekova, M., Leskova, D. (1997):
The variability of the hydrological series due to extreme
climate conditions and the possible change of
the hydrological characteristics with respect to potential
climate change. IAHS Publ. 246, 59-66.

Mathews, R., Richter, B.D. (2007): Application of
the indicators of hydrologic alteration software in
environmental flow setting. Journal of the American
Water Resources Association, 43, 1400-1413.

Meészaros, J. (2018): Rok 2017 v slovenskej Casti povodia
Moravy so zameranim na sucho (Year 2017 in the Slovak
part of the Morava river basin with a focus on drought). In
Zbornik prispevkov: 30. konferencia mladych hydrolégov
[el. zdroj]. — Bratislava : Slovensky hydrometeorologicky
ustav, 2018, 1-12. ISBN 978-80-88907-98-5.

Pekarova, P., Onderka, M., Pekar, J., Miklanek, P., Halmova,
D., Skoda, P., Bagova Mitkova, V. (2008): Hydrologic

scenarios for the Danube river at Bratislava. Key
Publishing Ostrava, 159 s.

Smakhtin, V. U. (2001): Low flow hydrology, a review. J. of
Hydrol., 240, 147-186.

Smakhtin, V. U., Hughes, D. A. (2007): Automated estimation
and analyses of meteorological drought characteristics
from monthly rainfall data. Environmental Modelling &
Software, 22/6, 880-890.

Stahl, K. (2001): Hydrological drought — a study across
Europe. PhD. Thesis.

Szolgay, J. (1977): On the study of monthly low flows. J.
Hydrol. Hydromech. 25, 2, 135-144.

Stépanek, P. (2004): Homogenization of air temperature series
in the Czech Republic during a period of instrumental
measurements. In: Fourth seminar for homogenization and
quality control in climatological databases (Budapest,
Hungary, 6-10 October 2003), WCDMP-No. 56. WMO,
Genova. 117-133.

Tallaksen, L. M., Madsen, H., Clausen, B. (1997): On
the definition and modeling of streamflow drought
duration and deficit volume. Hydrol. Sci. J. 42, 1, 15-33.

Tate, E. L., Gustard, A. (2000): Drought definition:
a hydrological perspective, In: Drought and Drought
Mitigation in Europe (ed. by J. V. Vogt and F. Somma),
Kluwer Academic Publishers, the Netherlands, 23-48

The Nature Conservancy (2007): Indicators of Hydrologic
Alteration Version 7 User's Manual.

The Nature Conservancy (2009): Indicators of Hydrologic
Alteration, Version 7.1, User's Manual, 81 pp.

Wilhite, D. A., Glantz, M. H. (1985): Understanding the
drought phenomenon: The role of definitions, Water
International 10, 111-120.

Ing. Dana Halmova, PhD. (“corresponding author, e-mail: halmova@uh.savba.sk)

RNDr. Pavla Pekarova, DrSc.

RNDr. Pavol Miklanek, PhD.

Ing. Veronika Ba¢ova Mitkova, PhD.
Slovak Academy of Sciences
Institute of Hydrology

Dubravska cesta 9

841 04 Bratislava

doc. RNDr. Jan Pekar, CSc.

Comenius University in Bratislava

Faculty of Mathematics, Physics, and Informatics
Department of Applied Mathematics and Statistics
Mlynska dolina,

842 48 Bratislava

247


https://www.chmi.cz/files/portal/docs/ruzne/Sbornik_Sucho_komplet_web.pdf
https://www.chmi.cz/files/portal/docs/ruzne/Sbornik_Sucho_komplet_web.pdf
mailto:halmova@uh.savba.sk

DOI: 10.31577/ahs-2021-0022.02.0028

Volume 22, No. 2, 2021, 248 — 255

ACTA HYDROLOGICA
SLOVACA

Groundwater response to extreme flows in the Danube River
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The presented paper deals with the numerical modeling of groundwater response to the extreme hydrological situations in
the Danube River. A 3-D numerical groundwater modeling is carried out using MODFLOW (McDonald and Harbaugh,
1998) and Groundwater Modeling System (AQUAVEO, 2021) simulation packages for available hydrological,
geological, and hydro-geological parameters to study how the groundwater responded to the flood event in the Danube

River that occurred in June 2013.

KEY WORDS: Danube River, groundwater head, groundwater-surface water interaction, GMS MODFLOW package

Introduction

The Danube River is the main hydrological factor that
controls the formation and hydrodynamics of
groundwater along its course in Bratislava and
downstream. There is a continuous dynamic interaction
between the groundwater and the Danube River.
The water level in the river is located above
the groundwater table throughout the whole year, and it
permanently replenishes the groundwater reservoir. After
the construction of the Gabcikovo hydropower plant,
the effect of the backwater of the reservoir is extended
upstream up to Bratislava, i.e., the water level in
the Danube is increased so as the groundwater at
the vicinity of the river (Mucha et al., 1999). In addition,
the groundwater regime became more stable after
the implementation of the structure (Jarabicova et al.,
2014). The process of this interaction is mostly very
complex to solve. The seepage between the river and
the adjacent aquifer system occurs along their entire
intersection and it depends on the river stage, hydraulic
head in the groundwater system, and the riverbed
conductance (Winter et al., 1998).

The presented paper deals with the numerical modeling
of groundwater response to the extreme hydrological
situations in the Danube River. A 3-D numerical
groundwater modeling is carried out for saturated flow
conditions using MODFLOW (McDonald and
Harbaugh, 1998) and Groundwater Modeling System
(GMS) (AQUAVEO, 2021) simulation packages for
available hydrological, geological, and hydro-geological
parameters to study how the groundwater responded to
the flood event in the Danube River that occurred in June
2013. Since the portion of the subsurface above the water

table is mainly composed of manmade ground, building
constructions, and roads, saturated groundwater flow
systems were considered for this specific work.

To calibrate the model parameters for both steady-state
and transient flow including hydraulic conductivity and
river conductance, observed groundwater heads in
several boreholes of Slovak Hydrometeorological
Institute (SHMI) were used (19 boreholes for steady state
and 17 boreholes for transient flow). The results of
the model are in good agreement with the observed data
and therefore, the model can be used for studying and
analyzing the changes and movements of the ground-
water level in the aquifer in response to the extreme flow
conditions in the Danube River. It could also be used as
a base for further studies on pollutant movement from
industrial and/or urban areas towards Rye Island along
the Danube River. Specifically, the movements of
pollutants from bombarded Apollo refinery could be
the one that needs more attention as this region is
currently accommodating construction of several high-
rise buildings, where deep excavation takes place.

Methodology
Mathematical background

MODFLOW, which was developed by the United States
Geological Survey (USGS), can be used to simulate both
steady and transient flow systems in confined,
unconfined, or a combination of a confined and
unconfined aquifer. McDonald and Harbaugh (1998),
who developed the MODFLOW program, used a finite
difference version of Eq.(1) to describe three-
dimensional incompressible groundwater flow in
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a heterogeneous and anisotropic medium, provided that
the principal axes of the hydraulic conductivity are
aligned with the coordinate directions.

(K 5) 5 (o 5) 15 (K 3) +W =55 ()

where
Kw, Ky, Ki—are values of hydraulic conductivity along
the x, y and z coordinate axes, which are
assumed to be parallel to the major axes of
hydraulic conductivity [L T-],
—is the potentiometric aquifer head [L],
W —is a volumetric flux per unit volume and
represents sources and/or sinks of water,
W<0.0 for flow out of the groundwater

=

system and W>0.0 for flow into
the groundwater system [T],

Ss —is the specific storage of the porous medium
[L],

t —istime [T].

The river conductance (C), which is a function of
riverbed hydraulic conductivity and riverbed geometry,
is calculated roughly based on Eq. 2. Below (Cousquer et
al., 2017; Harbaugh, 2005). The concept of riverbed
conductance was introduced in 1971 by Prickett and
Lonnquist and it is well described in MODFLOW as
a river package (Cousquer et al., 2017).

KLW
€= @)
where
C — is riverbed conductance [L2 T L7],
K —is hydraulic conductivity of the riverbed material
[L T,

L — is the length of the river reach within the grid cell
[L],

W —is the river width [L],

M —is the riverbed thickness [L].

Study area

The study region is a part of the Danubian Plain (Hresko
et al., 2014) and it is located between the Danube River
and the Little Carpathians. It includes different parts of
Bratislava — bordered from the North by Little
Carpathian, on Southwest by Danube River, on
the Southeast by Little Danube, and on the Eastern side
by Vajnory. The Danubian Plain is mainly known by
aflat elevation which is created due to tectonic
instability.

Hydrology and Meteorology

The Danube River is the main hydrological factor that
controls the hydrodynamics of groundwater in the major
parts of the study area. There is a continuous dynamic
interaction between the groundwater and the Danube
River. Historic data about the water level of the Danube
River at Bratislava gage is obtained from SHMI for
the periods between 2002 and 2016. A minimum water
level of 130.54 m a.s.l. was observed on 26.9.2004 at
the Bratislava gauging station. However, a maximum
water level of 138.65 m a.s.l. was observed on 6.6.2013.
It is a historic record for the Bratislava gauging station.
On the other hand, the average water level for
the specified periods, 2002-2016, is 131.87 m a.s.l. as
shown in Table 1 below.

On the other hand, mean annual precipitation of 720 mm
is estimated by SHMI at Bratislava-Koliba and 580 mm
at Bratislava-Airport for 2 002-2016. More than 60%

Table 1. The minimum, maximum, and average water stage in the Danube River for
the hydrologic year between 2003 and 2017 at Bratislava gage

Hydrologic year Minimum Maximum Average
[mas.l] [mas.l] [mas.l]
2003 130.84 134.54 131.82
2004 130.93 133.87 131.72
2005 130.54 135.55 131.89
2006 130.68 136.63 132.01
2007 130.87 136.17 131.66
2008 131.08 134.08 131.91
2009 130.92 136.85 132.04
2010 131.18 136.70 131.98
2011 131.01 135.95 131.68
2012 130.77 134.61 131.89
2013 131.07 138.65 132.26
2014 131.07 134.90 131.79
2015 131.07 134.57 131.77
2016 130.82 135.04 131.91
2017 130.88 134.25 131.73
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of the precipitation falls between April and September.
Geology and Hydrogeology

From the geological point of view, the study region is
generally classified under Danube Plain. The subsoil is
formed from Paleozoic, Neogene, and Quaternary
sediments. The topmost layer is predominantly covered
by made ground, which is mainly created due to
anthropogenic activities. It is then followed by
quaternary sediments, which appear to be chaotically
arranged, and their composition changes horizontally
over a very short distance.

The thickness of gravel-shaped fluvial sediments in
the area ranges from 8 to 18 m. This part of the aquifer
has high hydraulic conductivity (10* to 2x102 ms™).
Based on data about groundwater head from SHMI,
the water table is located from 3 to 8 m below the terrain.
There is no significant fluctuation in the groundwater
level throughout the year. The groundwater in the study
area has a free surface, and it is connected directly to
the surface water. A large amount of groundwater
reservoir in the study area is found in Quaternary

Sediment, which is located a few meters below
the terrain.
There is a clear hydraulic connection between

groundwater and the Danube River. The groundwater
level increases or decreases based on the water level in
the Danube River. However, a study conducted by
(Mucha et al., 1999) indicated that the level of
groundwater increased in the study region since
Gabcikovo’s water work was put into operation. Water
from the river always (throughout the year) infiltrates to
the groundwater  reservoir which is bound to

the Quaternary Sediment. The groundwater heads
in selected SHMI observation wells which are located
along the Danube River (the locations of each well can
be seen in Fig. 3) for the 2013 flood events are shown
in Fig. 1 below.

Conceptual Model

The GMS MODFLOW package, which is used to solve
the finite-difference equation of groundwater flow,
requires many spatial and non-spatial data inputs.
Therefore, input data collection, creation, and analysis
will be an important component in this study. Most of
the spatial data will be created from terrain analysis of
the Digital Elevation Model (DEM) which is processed
using different approaches. Then the stream networks
and hillslopes are created from terrain analysis of
the processed DEM. Archive data about groundwater
hydrology for the period of 2002 to 2019 is obtained from
the Slovak Hydrometeorological Institute. Based on
the request, the SHMI institute also provided
precipitation data from Bratislava-airport and Bratislava-
Koliba stations. Specifically, weekly precipitation data is
obtained from 2002 to 2016 to estimate the effective
recharge rate. The thickness and values of horizontal
hydraulic conductivities of the aquifer were collected
from archive data of State Geological Institute of Dionyz
Star (SGIDS).

Model setup and Boundary Conditions
Construction of groundwater model consists of series

of steps and requires several input data. For setting up
a quality numerical model, the first and the most
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important step is developing a conceptual model that
physically describes the natural groundwater water
system. On the other hand, the mathematical model is
used to describe the system using numerical procedures
or mathematical algorithms.

The boundary of the model is created by considering
surface water divides and the physical topography of
the study area. The processed input data were used to
create a conceptual model which is associated with
calculation grids.  Horizontally, finite-difference
computation networks of 236 columns by 374 rows were
discretized. Four model layers were created to divide
the aquifer in the vertical direction.

The assigned boundary conditions for the steady state
simulation include specified head for the Danube River
on the western side, the artificial boundary condition of
general head on the eastern side, general head in the Little
Danube on the southern side, and flux to the boundary on
the northern side of the boundary. As there is no
significant change on the Danube River stage due to
water exchange with the aquifer, the river is used as
a specified head boundary. The specified heads at
the nodes are determined by both interpolation and
extrapolation of measured average stages (Devin and
Bratislava stations) in the Danube River. There is no
barrier to flow as the aquifer is directly connected to
the river channel. The boundary condition along
the Little Danube is assumed to be a general head that
acts as an infinite sink for water to leave the boundary of
the model. The flux to the boundary accounts for
specified flow from Little Carpathian Mountain to
the model area.

The transient simulations were carried out by considering
the flood event in the Danube River at the Bratislava
gauging station which occurred in June 2013. The water
level in the Danube River was started to rise at the end of
May and reached a peak level of 138.65 m a.s.l. with

aculminated discharge of 10641 m®s? on June 6
(Pekarova et al., 2013). It was recognized as one of
the historic records and the water level was above the 3
level flood stage for a couple of days, see Fig. 2 below.

Results
Steady state flow

For study state flow, different input parameters were
manually (trial-and-error method) calibrated to match
the simulated and observed groundwater heads. Great
attention is given to horizontal hydraulic conductivities,
river conductance, and flux to the model. During
calibration, the hydraulic head data of 16 SHMI
observation wells were used. The horizontal hydraulic
conductivities, which were obtained from SGIDS, were
adjusted by trial-and-error method. The calibrated results
were in the order of 10* to 10> m day™. Trial-and-error
methods were chosen due to the fact that the hydraulic
conductivities in the study area changes in a very short
distance because of the complexity of the aquifer. Thus,
it was difficult to use the common zonation method for
automated parameter estimation. On the other hand, due
to a lack of data about riverbed thickness and its
hydraulic conductivity, the river conductance (C) was
calculated roughly using Eq. 2. Then, the calculated
riverbed conductance was adjusted by trial-and-error
during the calibration process, as well.

In GMS MODFLOW, the quality of the calibration
can be evaluated using some statistical indices like mean
error, mean absolute error or mean root square error.
The results after calibration show that there is good
agreement between the simulated and observed
groundwater head (+0.50 m), thus, the model can be
used for further study as shown in Fig. 3 and Table 2
below.
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137.00 4

—\Water level-2013
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s | J \
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Groundwater level [m.a.s.l.]

Fig. 2.

The water level in the Danube River at Bratislava gauging station during

a flood event in 2013 and proposed flood threshold levels by SHMI.
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Fig. 3.  Simulation result that shows calibrated groundwater head as a contour map
[ma.s.l.] and location of SHMI observation wells.

Table 2. Comparison between observed and calculated groundwater heads for
the steady state flow condition
Borehole Observed Simulated Differences

ID head Head

[m.as.l] [m.as.l] [m]
705 130.95 130.86 0.10
711 129.62 130.11 -0.49
716 129.41 129.59 -0.18
718 129.61 129.31 0.30
722 129.07 128.75 0.32
724 129.30 129.09 0.21
1435 131.56 131.38 0.18
1438 131.77 131.72 0.05
1439 131.95 131.87 0.08
1440 130.74 131.11 -0.37
1442 127.24 126.98 0.26
1443 130.50 130.86 -0.36
2715 129.44 129.39 0.05
2726 127.92 128.13 -0.21
3449 130.15 130.19 -0.04
7182 131.80 131.73 0.07
7185 131.65 131.49 0.16
7187 130.69 131.01 -0.32
7188 131.23 130.91 0.32
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As it can be seen from Fig. 3 above and Table 2 below,
the calibrated groundwater in the boreholes has shown
agood match except borehole ID 711, where
the difference  between simulated and observed
groundwater head was about -0.49 m. The negative sign
indicates the computed groundwater head is greater than
the observed groundwater head.

Transient flow

The transient simulation was carried out based on
the hydrological situation in the Danube River.
Specifically, the flood event which occurred in 2013 was
the main period where detailed attention was given.
The calibrated steady state, which was based on
the average water level in the Danube River, was used as
an initial condition or as starting head for the transient
simulation. The transient calibration was carried out to
adjust aquifer storage, specific yield, riverbed
conductance, and hydraulic  conductivities  of
the aquifers. The calibration was also carried out by
the trial-and-error method. The calibrated values were as
follows: specific yield = 0.22, specific storage = 0.00067
The increase in water level in the Danube River caused
a significant change in groundwater level in the narrow
adjacent area. However, the change in water level was
insignificant (almost negligible) in the areas far from

Head : 6. 6. 2013 12:00:00
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Fig. 4.

Course of simulated and observed ground\)vate.r head in borehole-7188, which

the banks of the river as shown in Fig. 4 and 5. This might
indicate that there is a parallel flow of groundwater along
the river during the transient state.

The simulation results also showed that the flow of
the groundwater is towards the southwest of Slovakia,
where Rye Island (Zitny Ostrov) is located. Rye Island,
which is one of the biggest river islands in Europe, is
located between the Danube, Little Danube, and Vah
Rivers. The island is the biggest source of drinking water
reservoirs and agricultural products in Slovakia
(Michalko et al., 2015). The rise in the water table and
groundwater flow towards this area could have positive
and negative impacts. As a positive impact, groundwater
around Rye Island could be recharged. As a negative
impact, there might be movement of toxic contaminants
from bombarded Appolo refinery, which is in Bratislava
at the banks of the Danube River, along with groundwater
flow during peak hydrological situations. This is because
of the fact, that the groundwater in the region
of Danubian Lowland is mainly recharged from
the Danube River and the increase in the water level
facilitates high movement of polluted groundwater.
Additionally, the undergoing construction of several
high-rise buildings around the bombarded Appolo
refinery could disturb the accumulated refinery and
facilitates pollutant movements along with the Danube
River towards the Rye Islands.

is located close to Danube River, Appolo bridge (the weekly observed groundwater head

is converted to daily observed head).
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Fig.5.  The course of simulated and observed groundwater head in selected boreholes
(boreholes 7182 and 7188 are located very close to the Danube River and the others are
relatively far). *Observed weekly data, which is obtained from SHMI is converted to daily
data.
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level) and pumping of groundwater during and after
construction.  These  activities may  facilitate
the movements of pollutants during peak flows in
the adjacent river. Therefore, certain technical measures
should be considered in this region to avoid or minimize
movements of pollutants during flood events in
the Danube River.
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Comparison of winter design floods between Austrian and Ukrainian
Danube River tributaries

Tetiana ZABOLOTNIA", Borbala SZELES, Liudmyla GORBACHOVA,
Juraj PARAJKA, Rui TONG

The consequences of large-scale floods in several regions have drawn attention to prevention and protection of territories
from such natural phenomena. Therefore, it is important to determine the expected magnitudes of floods, their differences,
as well as to understand the factors controlling the magnitude of snowmelt design floods. This paper compares snowmelt
design floods in 24 catchments situated in two regions in Austria (the upper Steyr River Basin) and Ukraine (the upper
Rika River Basin). The two regions are similar in terms of catchment sizes and elevation but differ in climate
characteristics, because the Ukrainian catchments are influenced by increased continentality. The aim of this paper is thus
to compare the magnitude of design floods with 2-, 5-, 10-, 50-, and 100-year return periods occurring during the cold
periods of the year (November—April). The objective is to estimate design values of winter floods and to explore factors
controlling their differences. The results show that the design floods scaled with catchment area are larger in the upper
Rika River Basin (Ukraine) than in upper Steyr River Basin (Austria) for all examined periods. The winters in Ukrainian
catchments tend to be warmer and occur earlier. The magnitude of scaled floods in Ukrainian catchments is larger, even
the mean annual maximum snow depth (Dmam) is approximately 40% lower than in the Austrian catchments. The results
of this initial analysis can improve the understanding and hence management of water resources in catchments with similar

hydrological characteristics, but slightly different climate characteristics.

KEY WORDS: flood frequency analysis, design floods, winter floods, climate zones

Introduction

Floods are one of the most pressing societal issues
catchment hydrology has to face. Flood frequency
hydrology is based on the extreme river flow data
analysis to obtain the probability distribution of floods
(Merz and Bloschl, 2008). The previous flood frequency
studies showed that one of the statistical approaches
mostly used to model design flood data (Zelenhasic,
1970; Mujere, 2011; Bertola et al., 2020) and often
provided the best fit is the Gumbel distribution (Onen and
Bagatur, 2017). However, it is still not well understood
which factors are causing the differences in design flood
magnitude in different regions (Bloschl et al., 2019).
The seasonality assessment of floods in the Alp-
Carpathians region (Jeneiova et al., 2016; Parajka et al.,
2010) indicates that while summer floods are dominant
in the Alps, winter floods occur mainly in the northern
upper Danube River tributaries. The timing of winter
floods there is very diverse (Jeneiova et al., 2016), which
impacts the flood magnitude.

This study presents a comparison the magnitude of
design winter floods in two regions (Ukraine and Austria)
situated in the Danube River catchment. The increased

continentality of Ukrainian catchments is hypothesized to
explain the difference in design flood magnitudes in
selected study regions.

Material and methods
Study area

This study is carried out for small and medium size
Ukrainian and Austrian, unaffected mountainous
catchments of the Danube River Basin (Fig. 1).
The Austrian part consists of ten catchments (6 small and
4 medium) located in the upper Steyr River basin, which
belongs to the Upper Danube River Basin (Table 1).
The 14 Ukrainian catchments (12 small and 2 medium)
are situated in the upper Rika River basin, which belongs
to the Central Danube River Basin (Table 2). The mean
catchment elevation for the Austrian catchments is
slightly higher (ranging between 951 and 1506 m a.s.l.)
than for the Ukrainian catchments (ranging between 747
and 1000 m a.s.l) (Table 1 and 2). The catchment areas
in the upper Steyr River range from 18 to 545 km?, while
they range from 3.2 to 550 km? in the upper Rika River.
The study river basins have different forest cover, from
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Fig. 1.  Study area: location of Austrian (bottom left panel) and Ukrainian (bottom
right panel) catchments in the Danube River basin. Labels of symbols refer to ID number
in Table 1 (upper Steyr river, Austria) and Table 2 (upper Rika River, Ukraine).

Table 1. Characteristics of the Austrian catchments (area, forest cover) and

the corresponding gauging station (mean elevation) and the length

of the study period
ID Gauge Area Mean elevation Forest cover Study period

[km?] [mas.l.] [%0]

1 Steyr River — Klaus an der Pyhrnbahn 542 1059 65 1952-2016
2 Teichl River — St. Pankraz 233 1009 63 1976-2016
3 Steyr River — Kniewas 185 1213 58 1952-2016
4 Teichl River — Teichlbriicke 149 1015 61 1952-2016
5 Steyr River — Hinterstoder 82 1358 46 1977-2016
6 Steyrling River — Steyrling 72 951 85 1957-2016
7 Dambach River — Windischgarsten 67 1016 63 1972-2016
8 Teichl River — Spital am Pyhrn 40 1205 71 1967-2016
9 Steyr River — Dietlgut 25 1375 46 1952-2016
10 Krumme Steyr River — Polsterlucke 16 1506 38 1977-2016
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Table 2. Characteristics of the Ukrainian catchments (area, forest cover) and

the corresponding gauging station (mean elevation) and the length

of the study period
ID Gauge Area Mean elevation Forest cover Study period

[km?] [mas.l] [%]

1 Rika R. — Mizhhiria v. 550 800 41 1958-2016
2 Rika R. — Verkhnii Bystryi v. 165 920 64 1958-2016
3 Holiatynka R. — Maidan v. 86 790 40 1958-2016
4 Pylypets R. — Pylypets v. 44 854 19 1958-2016
5 Lopushna R. — Lopushne v. (nyzhn.) 37 897 78 1958-2016
6 Studenyi R. — Nyzhnii Studenyi v. 25 800 18 1958-2016
7 Ploshanka S. — Pylypets v. (nyzhn.) 20 983 29 1958-2016
8 Lopushna R. — Lopushne v. (verkhn.) 13 925 93 1960-2016
9 Branyshche S. — Lopushne v. 10 916 72 1958-2016
10  Studenyi R. — Verkhnii Studenyi v. 8 809 20 1959-2016
11  Pylypets R. — Podobovets v. 7.4 747 12 1958-2016
12 Pylypetskyi S. — Pylypets v. 5.7 1000 37 1958-2016
13 Ziubrovets S. — Lopushne v. 3.2 871 91 1958-2016
14 Serednii Zvir S. — Lopushne v. 2.2 984 95 1958-2016

R. — River; S. — Stream; v.—village

38% (Krumme Steyr River — Polsterlucke) to 85%
(Steyrling River — Steyrling) in the Austrian basins, and
from 12% (Pylypets River — Podobovets village) to 95%
(Serednii  Zvir Stream — Lopushne village) in
the Ukrainian basins (Table 1 and 2).

According to the Koppen-Geiger climate classifications
system (Kottek et al., 2006) the entire Ukrainian study
area is located in the warm summer continental climatic
zone, while most of the analyzed Austrian catchments
belong to the temperate oceanic climatic zone. This
means that the Ukrainian catchments experience
an increased continentality effect, which can translate to
the difference in snow accumulation and melt processes
and mechanisms of flood generation in the cold period of
the year.

Data

The discharge data for this study are obtained from
the Hydrographic Service of Austria (https://ehyd.gv.at/)
and from the archive of the Central Geophysical
Observatory of Ukraine. The analysis is based on mean
daily discharges (Qmean). The winter flood maxima (Qmax)
are selected from the winter half-year (November—April).
The length of the series is various. The longest series are
in four Austrian gauges: Steyr River — Klaus an der
Pyhrnbahn, Steyr River — Kniewas, Teichl River —
Teichlbriicke and Steyr River — Dietlgut (1952-2016);
while the shortest series are collected in two Austrian
catchments: Krumme Steyr River — Polsterlucke and
Steyr River — Hinterstoder (1977-2016) (Table 1).
The study period for most Ukrainian gauges is 1958—
2016 (Table 2).

Snow depth data are obtained from one Austrian and one
Ukrainian station, which are located approximately at
the same elevation. Daily snow depth data (D) for
the Austrian catchments, for the period 1970-2016, is
obtained from a station at Spital am Pyhrn located at
630 m a.s.l. Five daily snow depth data for the Ukrainian

catchments, for the period 1935-2016, is obtained from
a station at Nyzhnii Studenyi located at 629 m a.s.l. (from
1952 located at 615 m a.s.l.).

Methods

The basic assumptions for the application of the flood

frequency analysis are the following:

o the observations are identically distributed,
statistically independent and random,

e the annual maximum daily discharges (Qmax)
measurements are stationary with respect to time
(data series homogeneity). This requires that the river
has not been regulated within the duration of the time
series, i.e. not affected by human modifications such
as reservoir, urbanization, etc.,

e observed daily discharge data are available for more
than 10 years with good quality. Only such data are
deemed sufficient for the estimation of design flood
values associated to low return periods.

Hydro-genetic analysis

The assessment of the homogeneity and stationarity of
winter floods is based on hydro-genetic analysis
proposed by Gorbachova (2014). The method uses
the mass curve, the residual mass curve and the combined
graph to identify long-term fluctuations and cycles of
winter floods. Homogeneity is defined as the absence of
unidirectional changes of the flood time series against
the backdrop of their variability due to long-term cyclical
fluctuations (Gorbachova et al., 2018). The stationarity
of winter floods time series is characterized by
the persistence of average floods over time if the time
series have at least one full closed cycle (dry and wet
phase) of long-period fluctuations. More details about
assumptions and applications of the methodology are
presented in Gorbachova (2016) and Zabolotnia et al.
(2019).
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Flood frequency analysis

In order to estimate the design floods with 2, 5, 10, 20
and 100 year return periods, a direct, at site frequency
analysis is chosen. First, a sample of annual daily flood
maxima is compiled for each gauge. For each vyear,
the maximum daily discharge value in winter period
(November—April) is selected. Second, the plotting
positions, i.e. the empirical return periods Tsare
estimated according to (1)

Ty=— (1)

1—F;

where
Fs — is the return probability or cumulative frequency,
which can be calculated according to (2)

k

F=— (2)
where

k —rank of each flood peak, ranging between 1 and N,
N - total number of observed peaks.

Third, a distribution function is fitted to the data. In this
study, the Gumbel distribution is chosen (Gumbel,
1954). The cumulative distribution function F(x) of
the Gumbel distribution is as follows (3)

F(x)=exp [—exp (— xd;c)] 3)

where

X —random variable, in this case daily flood maximum,

¢, d — parameters of the distribution, which are estimated
from the flood data.

As a final step, the design flood with a specific return
period xr is calculated, according to (4)

xT=c—d-ln[—ln(1—%)] 4)

where

T - return period (in years) and the parameters can be
estimated based on the method of moments
according to (5)

d=g and c=p-05772-d )
where

u — mean,

o — standard deviation,

0.5772 — Euler-Mascheroni constant.

The calculations are performed in R (R Core Team, 2016)
that is an open-source programming language and
software environment for statistical computing (linear
and nonlinear modelling, classical statistical tests, time-
series analysis, classification, clustering, etc.) and
graphics. It includes an effective data handling and
storage facility, a suite of operators for calculations on

arrays, in particular matrices, a large, coherent, integrated
collection of intermediate tools for data analysis and
others.

Seasonality of winter floods

The mean seasonality and the variability of the winter
floods is assessed for the two largest catchments, i.e.
Steyr River — Klaus an der Pyhrnbahn and Rika River —
Mizhhiria village, using the Burn index (Burn, 1997;
Parajka et al., 2009). First the day of the year is calculated
for each peak. Then the day of the year values are
transformed into angles, i.e. each peak is treated as
a unitary vector in the direction of the calculated angle;
and the average of the vectors is calculated in order to
obtain the mean seasonality. The variability of
the seasonality is expressed as the length of the mean
seasonality vector, which can range between zero
(uniform distribution) and one (all extremes occur on
the same day).

Results and discussion
Hydro-genetic analysis

The assessment of the homogeneity and stationarity of
the winter floods in the upper Rika River basin and its
tributaries according to Gorbachova’s methodology
shows that the series of observations for all 14 study
gauges are homogeneous and stationary (Bauzha and
Gorbachova, 2013; Gorbachova et al., 2018; Zabolotnia
et al., 2019; 2021).

The mass curves of the winter and spring floods in
the upper Steyr river basin are not characterized by
"jumping", "emissions" or unidirectional deviation and
do not break the general trend of the curve, which
indicates that the climatic conditions and flood
generation processes in the study area are homogeneous
(Fig. 2). Therefore, the series of observations in
the Austrian catchments are also homogeneous and
stationary in accordance with the hydrological genetic
(graphical) methods. Fig. 2 shows only 3 out of 10
gauges, as the other 7 have similar trends in discharge
fluctuations.

Flood frequency analysis

The estimated flood design values (Qr) and observed
minimum (Qmin) and maximum (Qmax) winter floods for
Austrian and Ukrainian catchments are presented in
Tables 3 and 4. The flood frequency analysis shows that
the largest flood (with maximum instantaneous flow of
246 m3s1) in the upper Steyr River is the event of 1962,
which corresponds to an empirical return period of 66
years, while the lowest flood flow of 2.7 m® s was
recorded in 1953. For the upper Rika River the maximum
flow of 471 m®s* was observed in 1958, which has an
empirical return period of 60 years, while the lowest
flood flow of 55.1 m®s™* was observed in 2015.

The estimated flood frequency curves for Austrian and
Ukrainian catchments are presented in Fig. 3. The shapes
of the curves look very similar.
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The estimated design floods with 2yrs, 5yrs, 10yrs, 50yrs
and 100yrs return periods are listed in Table 3 for Austria,
and in Table 4 for Ukraine. The results show that
the estimated design floods with 100-yr return period
scaled with the catchment area are larger for
the Ukrainian catchments compared to Austrian
catchments (Fig. 4). The results are similar for the other
return periods as well. One outlier Austrian catchment is
Polsterlucke on the Krumme Steyr River (ID 10), where
the logarithm of the 100-yr return period specific
discharge is 0.05 m®s*km, which is the smallest as well
as highest catchment among the Austrian catchments.

Steyr River — Dietlgut

w
o

Steyr River — Kniewas

The comparative assessment of selected physiographic
characteristics shows that topography or vegetation do
not differ significantly between the selected regions.
The proportion of catchment area covered by forest
shows a large variety between catchments (Table 1 and
2), and therefore does not explain the difference between
Austrian and Ukrainian catchments. The mean catchment
elevation is slightly higher for Austrian than Ukrainian
catchments (Table 1 and 2), but the difference is not
large. More noticeable difference is expressed by the
increased continentality of Ukrainian catchments. Fig. 5
compares the seasonality of winter floods.

Teichl River —Teichlbrucke

= 4 & P
g 3 &
X X X
= 3 3 x 20
£ £ 20 £
v Se S w15
Wa 2 a5 W&
) g 10 % 10
£ 1 = 5
g g g
a2 0 ) 0 a2 o
0 20 40 60 0 20 40 60 0 20 40 60
Number of years Number of years Number of years
Fig. 2.  Mass curves of the winter floods in the upper Steyr river basin.
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Fig. 3.  Flood frequency curves of the Austrian (left) and Ukrainian (right) catchments
(catchment IDs listed on the right sides of the plots correspond to the I1Ds listed in Table
1 and 2; bold lines show the largest Austrian and Ukrainian catchments).
Table 3. Estimated design floods with 2, 5, 10, 50 and 100 years return periods [m®s?],
largest (Qmax, m®s?) and lowest (Qmin, m®s) observed winter flood discharges
for all Austrian study catchments
Gauge / Qr-year Q2 Qs Q1o Qso Q100 Qmin [year] Qmax [year]
Steyr River — Klaus an der Pyhrnbahn 102.3 1455 1741 2371 2637 42.7 (1953) 246.0(1962)
Teichl River — St. Pankraz 44.4 62.1 73.8 99.6 110.5 19.6 (1991) 109.0(1993)
Steyr River — Kniewas 30.6 451 547 757 847  10.1(1960) 80 (1965)
Teichl River — Teichlbriicke 25.2 37.7 46.0 64.3 72.0 10.8 (1969) 74.0 (1965)
Steyr River — Hinterstoder 15.1 215 25.8 35.1 39.0 6.1 (1984) 41.9 (1993)
Steyrling River — Steyrling 16.8 24.2 29.1 39.8 44.4 5.6 (1963) 45.4 (1965)
Dambach River — Windischgarsten 9.2 13.7 16.8 234 26.2 3.8(1991) 27.0 (1993)
Teichl River — Spital am Pyhrn 1.7 10.1 11.6 15.0 16.4 4.2(1991) 18.2 (1993)
Steyr River — Dietlgut 4.0 5.7 6.8 9.2 10.3 1.6 (1984) 10.7 (1975)
Krumme Steyr River — Polsterlucke 6.4 94 11.3 15.7 175 2.2 (1984) 15.7 (1993)
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Table 4. Estimated design floods with 2, 5, 10, 50 and 100 years return periods [m3s?],
largest (Qmax, m3st) and lowest (Qmin, m®s™) observed winter flood discharges

for all Ukrainian study catchments

Gauge / Qr-year Q2 Qs Qo Qso Q100 Qmin[year] Qmax[year]
Rika River — Mizhhiria village 1444 207.2 2487 3402 3789 55.1(2015) 471.0 (1958)
Rika River —Verkhnii Bystryi village 34.7 48.4 575 774 85.9 9.5 (2015) 93.8 (1999)
Holiatynka River — Maidan village 20.0 29.8 36.2 50.5 56.5 7.58 (2015) 74.1 (1958)
Pylypets River — Pylypets village 13.2 18.8 224 305 33.9 3.86 (2003) 27.3 (1973)
Lopushna River — Lopushne village (nyzhn.) 75 104 12.3 16.4 18.2 2.9 (2003) 25.6 (1958)
Studenyi River — Nyzhnii Studenyi village 6.1 94 115 16.3 18.3 2.4 (2015) 26.0 (1999)
Ploshanka Stream — Pylypets village (nyzhn.) 6.9 9.8 11.7 15.9 17.6 1.00 (2015) 14.4 (1985)
Lopushna River — Lopushne village (verkhn.) 2.8 4.4 55 7.8 8.8 1.2 (1960) 11.0 (1999)
Branyshche Stream — Lopushne village 25 3.9 4.9 6.9 7.8 0.6 (2015) 11.2 (1958)
Studenyi River — Verkhnii Studenyi village 2.0 3.2 3.9 5.6 6.4 1.0 (1973) 8.0 (1999)
Pylypets River — Podobovets village 3.3 4.9 5.9 8.2 9.1 0.76 (2015) 7.6 (1986)
Pylypetskyi Stream — Pylypets village 1.7 24 2.9 4.0 4.4 0.42 (2015) 5.1 (1985)
Ziubrovets Stream — Lopushne village 0.8 1.1 1.4 1.9 21 0.2 (2003) 2.9 (1958)
Serednii Zvir Stream — Lopushne village 0.5 0.8 1.0 1.4 1.6 0.1 (2003) 2.4 (1999)
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Fig. 4.  Logarithm of 100-year floods scaled with catchments area as a function
of catchment area) in the upper Steyr River (Austria, green points) and upper Rika
(Ukraine, blue points) basins.
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Fig. 5.  Mean seasonality of the outlet of the Austrian catchments, Steyr River — Klaus
an der Pyhrnbahn (a) and of the outlet of the Ukrainian catchments, Rika River —

Mizhhiria village (b).
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As it is evident from Fig. 5, the floods in upper Rika
catchment tend to occur earlier. The comparative
assessment of observed snow depth at climate stations
shows that the average annual maximum snow depth
(Daam) is 38 cm at the Ukrainian station, and 68 cm at
the Austrian station. The approximately 40% smaller
average annual maximum snow depth (Daam) again
proves the increased effect of continental climate on
the Ukrainian study catchments.

Conclusion

In this study we explore the impact of increased
continentality on the magnitude of snowmelt design
floods in hydrologically homogeneous Ukrainian and
Austrian basins of Danube River regions. The study
catchments are similar in terms of catchments size and
elevation, but slightly differ climate characteristics, i.e.
the Ukrainian catchments experience the effect of larger
continentality. The main results of the present study can
be summarized in the following points:

e Winter floods with 2 yrs, 5 yrs, 10 yrs, 50 yrs and 100
yrs return periods are estimated for all the study
catchments, which may be useful for various
management purposes (for designing bridges and
dams, floodplain management, barrages etc.).

e It is found that the design floods scaled with
the catchment areas are larger in the upper Rika River
Basin in Ukraine than in the upper Steyr River Basin
in Austria.

o We explain the found difference by the effect of
increased continentality in the Ukrainian catchments.

e The mean seasonality of winter floods in Ukrainian
catchments tend to occur 2—3 weeks earlier compared
to the Austrian catchments.
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Improvement of the operational HEC-HMS hydrological model embedded in the Flood
Forecasting and Warning System of the Sava River Basin

Mirza SARAC”, Maja KOPRIVSEK, Oliver RAJKOVIC, Azra BABIC, Merima TRAKO,
Sasa MARIC, Adnan TOPALOVIC, Srdan MARJANOVIC, Dejan PETKOVIC,
Marija IVKOVIC, Ervin KALAC, Danijela BUBANJA

In 2017 the HEC-HMS model for the Sava River Basin was embedded under the Flood Forecasting and Warning System
in the Sava River Basin (Sava FFWS) and coupled with many hydraulic models. Since the model was initially calibrated
as the event-based model, a lack of accuracy has been recognized during the continuous simulations within the Sava
FFWS operational use. Therefore, the Sava FFWS users organizations: ten forecasting organizations from five Sava
countries, agreed to upgrade and improve this hydrological model. The activities of the model improvement were
performed in period January 2019 till June 2020. It was implemented by the national experts from the Sava FFWS users’
organizations as a true joint action and coordinated by the Secretariat of the International Sava River Basin Commission.
This paper presents the results of the Sava HEC-HMS model improvements and updated parameters, including
a comparison of results of initial and improved models within the operational forecasting system. The paper also discusses
the potentials of the remote sensing and radar- and satellite-based data that will be used for the future model improvements.

KEY WORDS: forecasting, modelling, calibration, Sava River Basin

Introduction

The Sava River is the third longest and the largest by
discharge tributary of the Danube River. The length of
the Sava River from its main source in western Slovenian
mountains to its mouth to Danube in Belgrade is about
945 km. The Sava River runs through four countries
(Slovenia, Croatia, Bosnia and Herzegovina, and Serbia).
The Sava River Basin has a surface area of about 97700
km? and covers considerable parts of Bosnia and
Herzegovina, Croatia, Montenegro, Serbia, Slovenia and
a small part of the Albanian territory. The objectives of
transboundary flood risk management in the Sava River
Basin are regulated with the Framework Agreement on
the Sava River Basin (FASRB) and the accompanying
Protocol on Flood Protection to FASRB (Protocol). With
respect to an efficient flood awareness and preparedness,
the Protocol has committed all Sava countries to establish
a joint flood forecasting system for the entire Sava River
Basin under the coordination of the International Sava
River Basin Commission (ISRBC). The Flood
Forecasting and Warning System in the Sava River Basin
(Sava FFWS) was established in October 2018 and
represents a comprehensive and versatile system that
combines data and models of individual countries, as
well as common models, making it a unique example of

cross-border cooperation in flood forecasting even
globally. Sava FFWS currently has ten users, i.e. national
organizations responsible for the flood forecasting and it
is hosted at five locations: primary and three backup
server modules that are installed in the four Sava
countries, while archive and web server in ISRBC.

One of hydrological models integrated in Sava FFWS is
the HEC-HMS model for the Sava River Basin (Sava
HEC-HMS) which represents the backbone of system.
The model was initially calibrated as event-based
hydrological model on several selected periods, up to
a six-month long. Calibration periods were mainly from
the winter seasons characterized by average to high flow
conditions while dry and low flow periods were not
included. In the operational mode within Sava FFWS
the lower reliability of Sava HEC-HMS was recognized
during the continuous simulations. It was suspected that
the way of the initial calibration was one of the reasons
for less accurate simulations of the state of the model and
forecasts. Given that Sava FFWS currently collects real-
time data from many meteorological stations that were
not included into the initial Sava HEC-HMS model it was
reasonable to expect that the improved density of
the meteorological  stations  would  result  with
the improved hydrological model. Sava HEC-HMS
calibration, as the process of estimating model
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parameters by comparing model outputs for a given set
of assumed conditions with observed data for the same
conditions, was performed. Validation involved running
a model using input parameters measured or determined
during the calibration process. According to Refsgaard
(1997), model validation is the process of demonstrating
that a given site-specific model is capable of making
“sufficiently accurate” simulations, although
“sufficiently accurate” can vary based on project goals
(Moriasi et al., 2007). A number of publications have
addressed model evaluation statistics (Willmott, 1981;
ASCE, 1993; Legates and McCabe, 1999) as well as
some recently developed statistics that were used within
the study.

In this study the Sava HEC-HMS model was updated
without interventions on the hydrological modelling
processes while the number of the measuring locations
was significantly increased and the model parameters
were assigned in the process of the calibration suitable
for the continuous models. The process was jointly
performed by the users of the Sava FFWS under
coordination of ISRBC.

Flood Forecasting and Warning System in the Sava
River Basin

Sava FFWS is operating as an open shell platform for

fdata assimilation|
transformation

4| tresholds

managing the data handling and forecasting processes
trough the integration of the wide range of external data
and models (Deltares, 2018). This concept is particularly
important for the cooperating countries, taking into
account that the Sava River basin is shared by five
countries where each country is using its own models,
monitoring  systems, forecasting systems, water
authorities and interests.

Sava FFWS integrates the Hydrological Informational
System for Sava River Basin (Sava HIS) — data hub for
the collection of real-time observed hydrological and
meteorological data (precipitation, air temperature, snow,
water levels, discharges); various Numerical Weather
Prediction (NWP) models; available weather radar and
satellite imagery; outputs of existing national forecasting
systems and different hydrological and hydraulic models
(Fig. 1), including the Sava HEC-HMS model as
the backbone of system.

The system is in use simultaneously by several
organizationally  independent  forecasting  teams
(Table 1). Given the open nature of the Sava FFWS
environment, responsibilities for the output and
the forecast dissemination within each country are very
clearly defined in accordance with the national
legislation.

An effective Sava FFWS has aim to bridge differences
and supports collaboration in the field of hydrological

" Forecast of the
* expected flow
. conditions
(floods & low flows)
NWP models
ALADIN SI short term (up o 3 days) SAVA HIS hi
ALADIN HR short term (up to 3 days) data harmonization by standards archive
ECMWF single medium term (3-9 days)
ECMWF EPS/ensembles n
WRF-NMM Bosnia and Herzegovina [ [ ] ] it web service
WRF-NMM Mantenegro P
- te Snow Depths
WRF-NMM Serbia Air temperatures warnings
NMMB Serbia o Telemetry Systems Water levels
Radar & satellite imagery Discharges
Lisca - SI Radar ﬁ
OPERA/ERICHA
H-SAF

(forecasting locations).

Schematic overview of the Sava FFWS and screen of the operator client
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Table 1. List of the Sava FFWS users and hosting organizations

Country Institution Note

Slovenia (SI) Slovenian Environment Agency Central server and User

Croatia (HR) Croatian Meteorological and Hydrological Service User
Croatian Waters 3 backup and User

Bosnia and Hercegovina Federal Hydrometeorological Service User

(BA) Sava River Watershed Agency 2" hackup and User
Republika Srpska Hydro-Meteorological Service User
Public Institution “Vode Srpske” User

Serbia (RS) Republic Hydrometeorological Service of Serbia 1t backup / test system and User
Public Water Management Company “Srbijavode” User

Montenegro (ME) Institute of Hydrometeorology and Seismology User

International Sava River Basin Commission

Archive / web server and Coordinator
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forecasting keeping the countries own autonomy in
monitoring, modelling and forecasting and remain open
to developing its own models and supplementary
forecasting initiatives. The system is assessed as added
value to existing or developing systems, expecting that
a common forecasting platform with well trained staff
should provide better preparedness and optimized
mitigation measures to significantly help reduce adverse
consequences from floods, in future from droughts, ice
hazards.

Models setup within the forecasting platform

The setup of Sava FFWS is modular where
the combination of a numerical weather prediction and
observations of precipitation and temperature,
a hydrological model converting precipitation and
temperature to discharge and, in most cases, a hydraulic
model routing discharge downstream and computing
water levels, define a unique forecast workflows
(Deltares, 2018). Due to the number of hydrological
models, hydraulic models and numerical weather predi-
ction models available for the Sava River basin, several
forecast workflows are configured in Sava FFWS. In case
there was no hydrological model connected to a hydraulic
model, the Sava HEC-HMS model covering entire basin
is connected to deliver lateral flows.

In this moment 13 hydrological models are included in
Sava FFWS where some of them are integrated models
including hydraulic component. Some cover complete
basin or a large area, others just small local river basins.
HEC-HMS for the Sava River Basin and WFlow (BA,
ME, RS) are models representing hydrological processes
on the complete or the major part of the Sava basin.
While Mike-NAM Sava (HR), Mike-NAM Una
(BA/HR), Mike-NAM Vrbas (BA), HBV-light Bosna
(BA), WFlow (ME), HEC-HMS Kolubara, HBV
Kolubara and HBV Jadar (RS) are models with the local
or national coverage.

Regarding hydrological modelling, the backbone of
the Sava FFWS forecasting system represents the Sava
HEC-HMS model, as the only hydrological model that
covers the entire Sava River Basin. The model was deve-
loped by the U.S. Army Corps of Engineers (USACE), in
close collaboration with ISRBC and national experts and
initially calibrated as event-based model.

Development and update of the HEC-HMS model
of the Sava River Basin (Sava HEC-HMS)

Initial Sava HEC-HMS model (version 1.0)

Sava HEC-HMS model consists of 235 subbasins,
carefully selected to take the local hydrology into
account, 174 junctions mainly located at the hydrological
stations locations or locations of confluences and
158 river sections as well as 20 reservoirs. Sava HEC-
HMS simulates hydrological processes through
the meteorological and basin model working together to
define the rainfall-runoff processes within the watershed.
The meteorological model provides precipitation in

the form of rain or snow as input to the basin model,
while the basin model uses input loss parameters to
calculate precipitation lost to storage in the watershed,
precipitation infiltrating into the soils, and the subsequent
amount of excess runoff precipitation. Excess
precipitation is routed to the subbasin outlet as overland
flow using a unit hydrograph transform (Clark Unit
Hydrograph) method. Precipitation infiltrating into
the soil is routed to the subbasin outlet using
the recession baseflow method. Overland flow and
baseflow are combined at each subbasin outlet before
entering the reach network. As the combined flow is
routed down through the river reach network of the basin,
flow is aggregated from additional subbasins and routing
reaches in hydrological order (USACE and ISRBC,
2017).

Evapotranspiration rates are also defined within
the meteorological model where the Monthly Average
method was utilized to represent evapotranspiration rates
in the basin but also considering that
the evapotranspiration is not a critical component for
short-term simulations.

Hourly precipitation and temperature data at all available
meteorological stations in period of the initial model
development were integrated, 74 meteorological stations
in total (rainfall and air temperature).

In addition to the relatively modest number of
meteorological stations, within the Sava River Basin
existed areas where precipitation input was very sparse.
In an attempt to rectify the lack of observed precipitation
in these areas, the Inverse Distance Weighting
precipitation method (IDW) was applied. The IDW
method calculates subbasin average precipitation by
applying and inverse distance squared weighting all
available precipitation gages in the user-specified search
radius (Feldman, 2000).

A dense coverage of stations exists in the headwaters of
the Sava River Basin, mainly in Slovenia while there is
arelative lack of stations in the middle and far
downstream portions of the basin. Fig. 2 illustrates
the areas of the Sava River Basin with less
meteorological station coverage showing every station
with a 25-km radius buffer overlaying the basin
delineation, and 50-km radius that was at the end used as
a necessity. This was one of the main gaps of the initial
model but a result of the real precipitation stations
network coverage in the period of the model
development.

In addition to precipitation in the form of rainfall,
the meteorological model is configured to compute
the snowmelt and for that purpose the temperature index
method was used. The meteorological model, at every
time step, whether the precipitation falling is rainfall or
snowfall based on the temperature data at nearby
meteorological stations. The temperature index approach
considers snowmelt as a mass-balanced process
(Feldman, 2000).

Available snow-related data in the Sava River Basin are
very limited, therefore the most parameters for
the snowmelt method were established from the related
studies and the consultation of the USACE snow experts.
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Initial  snow-water-equivalent (SWE) values and
elevation band parameters were developed through GIS
processes on available data. Daily Advanced Microwave
Scanning Radiometer (AMSR-E)/Aqua Level 3 global
snow water equivalent grids were compiled from the
National Aeronautics and Space Administration’s
(NASA) National Snow and Ice Data Center (NSIDC) in
Boulder, Colorado USA (Tedesco et al., 2004). Due to
the large grid size of the SWE grids, the accuracy of this
method is uncertain. However, the satellite-based SWE
grids were the best available data at the time of model
development.

Elevation bands, which are input into the meteorological
model to account for the differences in snowfall and
snowpack across the range of elevations in each
subbasin, were developed as the elevation-area
relationships using the SRTM DEM digital elevation
map with 30 meter resolution (Rodriguez et al. 2005).
These elevation-area relationships were segmented at
natural breakpoints in the topography to define the
elevation bands for each subbasin. For each defined
elevation band, initial snowpack parameters were
required to define any snowpack that may be present at
the beginning of the hydrological model simulation. The
aforementioned AMSR-E SWE grids were used to define
the initial SWE for each elevation band within each

25 km radius

\ NSRS

NI
SRR
Ve .t(‘

Fig. 3.
the final model structure.
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The Sava HEC-HMS basin model consists of 235
analytical units carefully selected to take the local
hydrology into account (Fig.3). A unique local
characteristic in Sava River basin is the presence of karst
which affects the subbasins boundaries and
the parameterization of the subbasins. For some specific
areas like karst geology, levees, and canals especially in
the flatter areas of the basin SRTM DEM needed to be
manually manipulated.

SRTM DEM and the GIS module of the HEC-HMS were
also used to generate the physical parameters of the Sava
River basin such as drainage area, stream lengths, basin
slopes, etc. From these physical parameters, initial
estimates of unit hydrograph parameters, time of
concentration and storage coefficient were developed for
each subbasin. Reach routing parameters, such as reach
slope and length, were also extracted.

The Sava HEC-HMS implements various methods to
represent the rainfall-runoff processes of the basin of
interest. Various factors contributed to the decision for
each of the modeling component methods Sava River
Basin such as applicability of the method based on
specific basin characteristics (such as terrain and
urbanization) and availability of data supporting
a specific method.

50 km radius

Illustration of the SRTM DEM conversion to subbasin and river network and
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The decision to use these methods were based on:

Simple Canopy Method — chosen for its simplicity
due to a lack of available data defining the canopy.
Deficit-Constant Soil Loss Method — chosen based on
the success of this method for large basin studies such
as the Sava River Basin. The method provides
the ability to simulate soil moisture characteristics
throughout an event using easily derived and
calibrated parameters. In addition, is the method used
for most major flood forecasting models within
USACE.

Clark Unit Hydrograph Transformation Method —
chosen based on its ability to be estimated using
available terrain data and the successful
implementation of this method across modeling
studies within USACE. The parameters for this
method are also fairly easy to calibrate especially in
situations where discharge stations are relatively
abundant such as in the Sava River Basin. In addition,
this method has shown to be very effective in
representing the timing and shape of flow
hydrographs through varying magnitudes and
volumes of floods.

Recession Baseflow — chosen for its simplicity and its
ease of application.

Table 2.
in the Sava HIS / Sava FFWS

Number of stations with the

e Muskingum-Cunge Reach Routing Method — chosen
because it primarily based on physical characteristics
of the routing reaches which can be attained from
the available information. This method has been
widely used within USACE and provides the ability
to represent the flow hydrograph translation and
attenuation in situations with varying levels of

floodplain storage.

The parameters used to define the hydrological model are
described in more detail below and a summary of
the various basin parameters is provided along with
the basin modeling methods developed within the Sava
HEC-HMS (Table 2). These parameters were the subject

of the model calibration.

Updated Sava HEC-HMS (version 2.0)

Since the Sava HEC-HMS was initially calibrated as
event-based model using hourly data values, the lower

reliability was

recognized during the continuous

simulations in the operational mode within the Sava
FFWS. Regularly performed simulations of the Sava
HEC-HMS model coupled with NWP data in Sava FFWS
shows that the model has a strong reaction to moderate

hourly (real-time) data exchange available

Modeling Method Parameter

Description and representative values in the model v1.0

Canopy Canopy Initial Storage
Storage Max Storage
Soil Deficit Initial Deficit
Losses Constant
Maximum Deficit
Constant Loss
Percent Impervious
Area
Hydrograph Clark Unit Time of Concentration
transformation ~ Hydrograph
Storage Coefficient
Baseflow Recession Initial Baseflow
Baseflow
Recession Ratio
Threshold Ratio
Reach routing Muskingum- Length
Cunge Routing Slope

Manning’s n-Values

Shape

Initial storage in canopy

Maximum storage in canopy

Initial condition for the soil layer. Amount
of water required to saturate the soil layer
Maximum amount of water the soil layer
can hold (30—75mm)

Percolation rate of the soil layer

Percent of the subbasin that is covered by
directly connected impenetrable surfaces
such as concrete, rooftops, and urban
development

Travel time from the most hydrologically

remote point in the subbasin to
the watershed outlet
Conceptual ~ parameter  representing

basin’s storage capacity
Baseflow at the
the simulation

beginning  of

Rate at which baseflow recedes between
events
Flow at which the baseflow is reset

Length of reach
Slope of reach
Roughness coefficient for the channel, left

overbank, and right overbank
Shape of the routing reach cross section

100 %
2-50 mm
0-35 mm

0.1-2.25 mm/hr
0-53.8 %

0.2-50 hr

0.7-160 hr

0.001-0.621
m3s! km?

0.72-0.98

ratio to the peak
0.22-106.16 km

0.00001-0.0196
mm?
0.02-0.05

8-point or
trapezoidal
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amounts of rain and produce untimely and overestimated
forecasts. Reasons for a such behavior of the model are
the modelling methods initially selected (Table 2) e.g.,
soil loss method which is not capable of long-term soil
moisture accounting, but also due to meteorological data
availability and coverage, snow data availability as well
as the reservoirs regulation at various dam.

Any intervention on the robust and complex model like
Sava HEC-HMS, which is in use by many experts per
different institutions and countries, has to be done in well
organized and coordinated way. After a joint agreement
of the expert team that the initial model needs to be
updated with the new information, the action plan has
been made to upgrade the model with new measuring
locations and to perform the recalibration of the model
parameters. The expected goal was that the new
precipitation and air temperature data would complement
the existing spatial and temporal accuracy of
the meteorological component of the model.
Meteorological inputs are typically the greatest limitation
in any hydrological model because meteorology is such
a random and natural phenomenon. The IDW method,
used to model precipitation in the Sava HEC-HMS, relies
heavily on the location and density of stations because
the precipitation applied at any given subbasin is
computed by interpolating between  measured
precipitation values at these stations. If the spacing
between stations is too great, a storm could pass between
two stations and not be recorded at either station, which
means that the Sava HEC-HMS would not register this
event and apply the improper precipitation to
the subbasins between the stations. In addition, if
arainfall event does not pass over enough stations to
capture the shape and volume of the rainfall, the model
will not accurately apply precipitation to the adjacent
subbasins (Feldman, 2000). These inherent limitations
exist for all meteorological models relying on point
stations, which is why acquiring the best available data
and quality controlling this data is critical to
the performance of the Sava HEC-HMS model as well.
The two immediate solutions are increasing the density
of stations in areas with limited or insufficient coverage
and/or incorporating radar-based gridded precipitation
data into the model. For a robust flood forecasting system
such as Sava FFWS, incorporating both gauge- and
radar-based precipitation is the best solution to create

Lisca radar

Fig. 4.
Sava FFWS.

redundant data sources and to protect against one of
the source data feeds failing.

Radar-based precipitation has become a standard data
source for hydrological models across the world because
it solves the issue of spatial coverage of precipitation data
that exists with readings at meteorological stations. As
with any measurement, raw radar-based data possesses
some level of uncertainty and must be verified and
corrected to measurements made at standard single-point
meteorological stations further emphasizing the need for
ground stations. In spite of this uncertainty, radar-based
data, when processed through proper quality controls,
provides the spatial and temporal distribution of
precipitation data necessary for large, complex
hydrological models such as the Sava HEC-HMS.
The European  National  Meteorological ~ Services
Network (EUMETNET), with members from
the European Union and Balkans, collaborate and
produce network-wide radar mosaics through
the Operational Program for Exchange of Weather Radar
Information (OPERA), which could provide a source of
radar-based nowcasting information for the Sava River
Basin. As mentioned in the Chapter 2, along with NWP
data, Sava FFWS is prepared to extrapolate radar or
satellite imagery in order to provide a very accurate short-
term hydrological forecast (nowcasting) for several hours
in advance based on measured values. Nowcasting
products are currently not available within the Sava basin
and the existing radars are currently still not able to
produce accurate rainfall images. Considering
the importance of providing a such input and raising
the awareness of experts to this type of precipitation data,
the Lisca radar data (Slovenia) are implemented Sava
FFWS, next to Opera radar composite images and H-SAF
satellite images (Fig. 4).

However, considering that radar- and satellite-based
images are only displayed within the system but are not
connected to any of hydrological models neither to Sava
HEC-HMS, it was decided to update the model in this
stage to include the new hydrological and meteorological
inputs and recalibrate Sava HEC-HMS without changing
the structure of the model. Challenging work resulted
with an improved Sava HEC-HMS model more suitable
for continuous hydrological simulations needed for
accurate process of the flood forecasting in Sava FFWS.
Important step, beside technical interventions on

H-SAF

e ¥

Available radar and satellite images in the Sava River Basin integrated under
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the model, was managing and coordination of all
activities and application of a consistent methodology
since many Sava countries experts were involved in this
process. The applied methodological approach consisted
of the following steps: (1) preparation of the necessary
technical documentation and time plan for the work of
national experts; (2) inclusion of the new hydrological
and meteorological stations to the model; (3) collection
of historical hydrological and meteorological hourly data
for the period from 2010 to 2018; (4) uploading of
the collected data to Sava HIS/Sava FFWS Archive
module; (5) enhance the model components; (6)
calibration and validation the new model setup and (7)
hindcast analysis and validation of the operability
performances of the model through the Sava FFWS
testing module including comparison of different model
versions.

A first step of the model enhancement was related to
increase of the number of precipitation and temperature
data inputs at all available meteorological stations. In
total 258 meteorological stations for precipitation and
temperature data inputs are currently available in
the Sava HEC-HMS v2.0 as well as 151 hydrological
stations for the observed discharge data presentation and
the purpose of comparison with the simulated runoff.
However, from the total number of stations integrated in
the model, data were collected for a part of stations that
have regular and hourly measurements of precipitation,
air temperature and discharge (Table 3), representing an
increase of 125 meteorological and 41 hydrological
stations compared to the initial setting of the model.

The greatest number of the new meteorological stations
integrated under Sava HEC-HMS v2.0 are located in
the central part of the basin while the number of
the stations in the upper and lower parts was not changed
significantly. Following the model configuration
enhancements along with integration of the new
measuring locations and their historical data the model
was recalibrated. Different approach to the calibration
was mainly dependent on the calibration skills of
the expert team members. The calibration of
the parameters in the initial Sava HEC-HMS v1.0 model
was performed for the six short periods related to
the flood events between 2009 and 2015. The updated
v2.0 model has been calibrated and primarily validated
using different periods per subbasins while additional
two validations of the model were performed for period
01 Jan 2014-31 Dec 2014 and 01 Jan 2016-31 Dec 2016.
Work performed on calibration and validation of the Sava
HEC-HMS model v2.0 was jointly agreed and distributed
among the team members considering responsibility of
each organization but also the model structure, capacities

and expertise of individuals and a rule of equivalence as
well, so activities were divided per subbasins and
countries. Most of data and information used for model
improvement was provided by the national organizations
involved in the activity. Each organization has provided
input time-series data for the stations in its responsibility
despite the distribution of work related to calibration and
validation of the model. A substantial amount of data was
collected as part of the initial model development efforts.
The period from 2010 to 2018 was divided into sub-
periods where one was used for the calibration and others
for the validation of the Sava HEC-HMS v2.0 model. In
the end three validation procedures were performed
given that the calibration and first validation were done
per subbasins while additional two validations were
performed for the entire model.

The model calibration was performed at 107 calibration
points i.e., 32 more compared to the initial model.

For the determination of the model parameters two
approaches were used: trial-and-error method and
the built-in automatic calibration procedure of HEC-
HMS software (Zhang et al., 2013). For both calibration
approaches the hydrograph volume, peak discharge and
timing of the peak were also monitored. In order to
ensure the model’s ability to represent these characteris-
tics, three metrics were analyzed during the calibration
simulations at various locations: Nash-Sutcliffe
Coefficient (NSE), Root mean square error to Standard
deviation of observations Ratio (RSR=RMSE/Std),
Coefficient of determination (R?). The goodness of fit for
each model parameter was evaluated based on NSE,
while other coefficients where continuously monitored.
These metrics provided an overall measure of
the numerical performance of the model’s ability to
capture all characteristics of the outflow discharge
hydrographs, which incorporates peak, volume, timing,
and shape.

In addition to these three metrics, calibration plots
depicting the time series discharge hydrograph output
versus the observed discharge hydrograph were also
analyzed. The calibration plots provided an effective
visual illustration of the performance of the model and
were monitored using HEC-HMS, as well as
the graphical user interfaces of Sava FFWS.

Results and discussion

The main improvements of the Sava HEC-HMS
calibration process included: (1) improvements of
the meteorological inputs with higher spatial and
temporal data coverage for precipitation and air
temperature; (2) some corrections of the meteorological

Table 3. Number of stations per countries available in Sava HEC-HMS v2.0
Type of the station / parameter BA HR ME RS Si Totals
Hydrological stations Discharge 54 35 9 17 19 134
Meteorological stations Precipitation 41 49 3 10 96 199
Air temperature 41 27 3 8 18 97
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model of snow melting; (3) increased number of
calibration points; (4) increased number of calibrated
sub-basins, up to 98 from initial 66; (5) longer time series
of discharge observations; (6) new version of the Sava
HEC-HMS model integrated under the Sava FFWS
testing module.

The model skill was evaluated using NSE on the period
from 2010 to 2018 and about 50% of stations score a NSE
greater than 0.55 (rates: good and very good), while a
higher percentage of stations score a NSE greater than
0.40 (rate: satisfactory). The higher NSE scoring was
achieved in the upstream parts of the basin and along the
Sava river. The new model accuracy and NSE increased
in comparison to the initial model.

During the calibration process, it was noticed that
the change of the model parameters would not
necessarily lead to the better performance of the updated
model, therefore the parameters for some computation
points and accompanying subbasins have not been
changed. This was the case on the parts of basin where
new input data have not been changed. The changes were
needed on areas where new input data were available and
mainly in the module for the direct runoff transformation
to decelerate and attenuate the simulated hydrographs. In
the baseflow module change has been made on
the recession constant that needed to be increased
together with the ratio to peak parameter. In the Kkarstic
area e.g., the upstream part of the Bosna River subbasins,
it was necessary to increase the soil percolation rate and
initial loss. All these changes were expected having in

Table 4.

mind a transition from the event-based to the continuous
model. Statistical analysis of the performance metrics,
from the initial and the updated model achieved on
87 locations, where two models were possible to
compare, has been done using one and two-tailed t-test
and Mann-Whitney test (Table 4). The test results are
showing that there is no significant statistical difference
between NSE values for the two models and that the NSE
value for the updated value is greater than the initial
model. In the case of root mean square error-observations
standard deviation ratio (RSR=RMSE/Stdev), the p-
values are indicating that statistical difference between
the two models exists and that the RSR for the updated
model is lower than for the initial model. R? is not
showing a clear signal whether the updated model is
better than the initial one.

Following the statistics, a comparison between the initial
and updated model has been performed. The Nash-
Sutcliffe efficiency coefficient values, used for
evaluation of the numerical model performance were
greater than 0.55 for more than 50% of locations
classifying the model as good and very good in
the calibration period. Most of the rest of NSE values are
greater than 0.4 meaning that the model is in the class of
the satisfactory models.

In this paper 11 selected location (Table 5) were used for
an analysis of the numerical goodness of fit for two
periods. For the basin parts where, new meteorological
stations have been installed the model performance has
increased while the other subbasins record the same or

Statistics for the performed one-tailed and two-tailed t-test and Mann-Whitney

test based on simulations of the two models versions

Model performance t-test (¢=0.050)

Mann-Whitney test («=0.050)

metrics one tailed two tailed one tailed two tailed

NSE 0.046 0.092 0.002 0.004

RSR 0.009 0.019 0.001 0.003

R? 0.292 0.584 0.244 0.489

Table 5. Performance metrics of the initial (v1.0) and updated (v2.0) Sava HEC-HMS
model for two periods using the general performance ratings: Very Good; ;
; (Moriasi et al., 2007)
Up to Computation point 01 Jan 2014-31 Dec 2014 01 Jan 2016-31 Dec 2016
downstrem  (hydrological station) Model v1.0 Model v2.0 Model v1.0 Model v2.0
NSE RSR NSE RSR NSE RSR NSE RSR

10 J 01 _08 03 Lasko -0.03 1.01 0.57 0.65 -0.39 1.18
16 J_01_13 11 Jesenice
18 J_04 02_05 Kupljenovo ~ 0.41 0.77 043 076 0.28 0.85 0.33 0.82
31 J.06_10_06_Farkagié 061 062 _
39 J_12_02_04 Kralje 0.45 0.74 0.55 0.67
48 J_14_01_02_Daljan -1.02 142 018  1.08 338 2.09 004  1.02
67 1.20_19_06_Maglaj _ 056 066 046 074
75 J_24_01_02_BijeloPolje ~ -150 158 0.97 022 110
82 J 27 _01_04 _Sr. Mitrovica
85 J 28 03 01 Beli Brod 0.59 0.64 0.59 0.64 0.28 0.85 0.15 0.92
87 J 28 03 05 Drazevac 0.03 0.98 -0.58 1.26 0.39 0.78 0.51 0.70
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lower values of NSE. In addition to analysis of
the numerical model performance the calibration plots, as
an effective visual illustration of the model performance,
depicting the simulated discharge hydrograph versus
the observed discharge hydrograph, were also monitored
(Fig. 5). Analyzing results at the selected computation
points an improvement in the matching of the simulated
and observed hydrograph was obvious although
parameters during the recalibration for some locations
have not changed significantly (Farkasic). Also for some
locations (Bijelo Polje) the initial model was not able to
perform the simulated hydrograph at all, while the Sava
HEC-HMS v2.0 compute it successfully. The overall
hydrograph matching is also slightly better, as a result of
the model inputs improvements and calibration that was
carried out for along-term period, unlike the initial
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model. The added value in the updated model was
recognized in the better fitting of timing of the peak and
the peak value itself but also in the better fitting of low
and mean flows. A good example of the peak fitting can
be seen at the computation point: J_20 19 06_Maglaj
(Fig. 6) and where peaks are better simulated in
the updated model. Another good example of the peak
but also low and mean flows fitting can be seen at
the computation point: J 01 13 11 Jesenice (Fig.7)
showing that data are better simulated in the updated
model. Due to the lack of in-situ measurements of stream
discharges there is always a doubt whether the rating
curve (discharge vs stage) of observed data is properly
developed in the high flow range and the observed flow
is over or underestimated and whether comparison of
the simulated and observed values is reliable.

Sava HEC-HMS v2.0
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Conclusions and recommendations

The hydrological simulations were conducted for
the period 2010-2018 including extreme May 2014 flood
and several smaller floods, with evaluation of daily mean
hydrological conditions and processes. The main
findings are as follows: (i) performance and forecast
accuracy of the existing Sava HEC-HMS model was
significantly improved; (ii) the model was (re)calibrated
for both high flows (for accuracy) and low flows (for
stability and model performance); (iii) data sources for
further developments were improved; (iv) a solid
background for an international team of experts was
established.

Considering that the Sava FFWS users have access to all
data and workflows as well as managing the functioning
and further developments of the system, it was very
important that the national experts were fully involved in
the study. Therefore, joint work and close cooperation of
the national experts (duty forecasters) should be
emphasized as an additional achievement, as follows: (i)
experts deeply familiarized with the HEC-HMS software
capabilities as well as with methods and techniques
implemented into the Sava HEC-HMS model; (ii)
upgraded own knowledge how to calibrate a such model;
(iii) recognized all benefits of the model, its limitations
and possible future applications; (iv) much more
prepared for using this model under the Sava FFWS.
After performed activities and obtained results,
the following recommendations are suggested: (i)
development of a more complex soil loss method capable
of long-term soil moisture accounting; (ii) a more
detailed analysis of snowmelt within the model necessary
(snow data availability); (iii) reservoir regulations at
dams through the incorporation of a reservoir regulation
model component (HEC-RESSIM). The future updates
should utilize remote sensing data inputs for the soil
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moisture accounting, snow melting, reservoir regulating
as well as other specific applications in the Sava HEC-
HMS. For future recommendations, the incorporation of
high-resolution grid-based snow water equivalent and
precipitation data, as well as the placement of additional
meteorological stations in areas currently lacking
observed data, will serve to improve performance of
the model. Application of available products of missions
like Sentinel, Landsat, AVHRR (Advanced Very High
Resolution Radiometer), MODIS (Moderate Resolution
Imaging Spectroradiometer), AMSR-E (Advanced
Microwave Scanning Radiometer-Earth Observing
System), DMSP (Defense Meteorological Satellite
Program) in the Sava HEC-HMS will be explored.
The great potential of remote sensing data application is
in general evident, both for the calibration of
hydrological models and for operational hydrological
forecasting, as well as for filling the data in catchments
without observations or with an insufficient network of
measuring stations and therefore will be used in
the further Sava HEC-HMS model and Sava FFWS
improvements including the related adaption of
the modelling methods especially related to a rapid work
of HEC and all latest developments of the software.
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Statistical post-processing of short-term hydrological ensemble forecasts using
the application of the dressing method

Toméas VLASAK”, Jakub KREJCI

Probabilistic hydrological forecasts used in forecasting offices are often based only on different variants of precipitation
forecast, which are the dominant source of forecast uncertainty during flood periods. The proposed method called dressing
extends the uncertainty of meteorological forecast input by estimating the uncertainty of hydrological modeling using
statistical analysis of deviations derived from simulated and observed flows. Adjustment of probabilistic flow forecasts is
applied by post-processing without interfering with the hydrological model itself. The method is focused primarily on
runoff phases, where heavy precipitation is not expected and the dispersion of the original ensemble is insufficient.
A comparison of the success of short-term operative ensemble predictions of river discharge in the upper Vltava basin
before and after adjusting by the dressing method showed a clear improvement in statistics.

KEY WORDS: hydrological forecast, ensemble forecast, dressing, post-processing

Introduction

Simplification of reality in prediction models, inaccurate
input data and other sources of uncertainty lead to
predictions that always, more or less, differ from
observation. Lack of accuracy of forecasts is the most
important limitation in their use, and one solution is to
quantify their uncertainty. Therefore, flow forecasts often
include two basic products: 1.) deterministic forecast,
single flow calculated from one selected set of causes
(precipitation, saturation, etc.) and 2.) ensemble
(probabilistic) forecast, model calculation is repeated
for different scenarios of inputs and settings of
the hydrological model. Ensemble forecast allows
forecasters to estimate the risks (probabilities) of
exceeding specific threshold. It also makes it possible to
extend the time advance of forecasts and use them more
effectively not only in flood protection but also at low
flow rates.

In the case of hydrological river flow prediction,
the ensemble forecasts are very often based solely on
different variants of precipitation and temperature fore-
casting. The uncertainty of hydrological modelling
(observed inputs, initial conditions, model parameters,
etc.) is omitted. This simplification is acceptable in flood
forecasting of upper basins when the effect of the un-
certainty of the precipitation forecast is so dominant that
the expression of uncertainty by the ensemble forecast
calculated in this way is acceptable. However, hydro-
logical forecasts are gradually being used for purposes

other than flood protection. Probability predictions are
also important for dam manipulation planning,
hydropower management or for river water use in times
of drought, even in times of insignificant fluctuations or
decrease inflows. In addition, a functional ensemble
system in times of average flows is important for gaining
confidence in probabilistic predictions as a whole.
Probabilistic predictions should therefore contain
quantified information on the uncertainty of the whole
prediction system, not just precipitation forecast.

The presented method includes the uncertainty of
hydrological modelling into the calculation of
the ensemble hydrological forecast. It is primarily
intended for the improvement of probabilistic forecasts
based exclusively on precipitation variants. The method
was inspired by the dressing method published by Pagano
et al. (2012). It is based on the analysis of historical
deviations of simulated and observed flows and
the subsequent construction of error models. The method
was tested in order to increase the success of operational
ensemble predictions which serve as an irreplaceable
source of information for river navigation in the Elbe and
for the management of water reservoirs with regard to
optimizing electricity production and minimizing
the impact of drought. It is applied as a post-processing
procedure, which means adjusting the hydrological
forecast after its output from the hydrological model.
The advantage of post-processing is easy implementation
into operation without disrupting other established
procedures.
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Hydrological forecast uncertainty

Understanding the reasons why hydrological forecasts
deviate from observations is key step in developing
the success of both deterministic and probabilistic
forecasts. Krzysztofowicz (1999) decomposes the total
uncertainty into input uncertainty and hydrological
uncertainty.

The uncertainty of the inputs is solved by pre-processing
methods, which precede the calculation itself in
the prediction model.  The observed  elements
(precipitation, temperatures, flows) are usually not
subject to such a significant error. Their uncertainty is
usually neglected, or they are reduced or quantified using
some of the pre-processing methods, for example
(Schaake et al., 2004). The dominant source of
uncertainty in the period of heavy rainfall is
the quantitative precipitation forecast from numerical
weather forecasting models. Different precipitation
variants are therefore fundamental and often also the only
quantified uncertainty for the probabilistic hydrological
forecast. Probabilistic hydrological forecasts based only
on different precipitation variants suffer mainly from an
insufficient variance of variants during the precipitation-
poor period. In these cases, the more significant is
hydrological uncertainty. The distinction between
meteorological and hydrological uncertainty and
independent work with them was used, among others, in
the work of Demargne et al. (2013) and Verkade et al.
(2017).

Hydrological uncertainty is usually adjusted by post-
processing methods, which stand between the output of
the forecast from the model and its final publication for
users. Statistical post-processing is simply a model that
uses the relationship between the prediction and
the observed element (Fig. 1). There are a number of
statistical post-processing methods, from a simple
percentile method through more complex statistical
procedures such as the Kalman filter or the Bayesian
method to the application of neural networks.
An overview of post-processing methods in hydrology
was published for example, by Li (2017).

The dressing method combines the already created

hydrological ensemble forecast, which is based on
the probabilistic prediction of precipitation, with
the statistical distribution of deviations of hydrological
modelling, and thus achieves acomprehensive
description of the entire uncertainty of the hydrological
forecast.

Materials and Methods

Hydrological forecasting system AqualLog (Krej¢i and
Zezulak, 2009) was used for the calculation of forecasts
needed for method design and assessment. This system is
the main tool for real-time hydrological forecasting in
the Czech Republic in the Labe basin. AqualLog model
consists of continuous SAC-SMA (Burnash, 1995)
precipitation-runoff component and its operation is
largely automated, excepts for assimilation of simulated
flow to the last measured discharge. The upper Vltava
river basin (tributary of the Elbe) was selected for testing
the method. The catchment with area of 12105 km? is
divided into 45 sub-basin delimited by water gauging
stations with the observed discharge (Fig. 2).

Three statistical methods commonly used in the field of
ensemble predictions verification were used for
evaluating the success of the dressing method. They
focus on the reliability, the skill and the conditional
verification of ensemble prediction. The rank histogram
(sometimes called Talagrand diagram) was used for
assessing the spread of the prediction ensemble in
relation to real observational variability. The Brier score
is a suitable criterion for verifying a categorical
prediction from the point of view of the accuracy of
a probabilistic prediction when we examine whether
a defined phenomenon did/didn’t occur. It answers
the question of how big the probability prediction error is
(0 if it does not happen and 1 if it does happen).
The benefit of the last used ROC (relative operation
characteristics) criteria lies in its ability to distinguish
between the occurrence and non-occurrence  of
a particular event for a given condition. All the mention
methods are in detail described in WMO (2021). Basic
interpretation of rank histogram and ROC plot used in
Results chapter is shown on the Fig. 3.
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2 . distribution .
S| 7. Calibrated
—> 3 i) e —> > Ensemble
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[ o L
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Fig. 1. Scheme of statistical post-processing of hydrological forecast (Li, 2017).
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The upper Vltava river basin with forecasted water gauging stations.

The stations with label are mentioned in the chapter Method calibration and results.
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Dressing method

Dressing is designed to modify the probabilistic
hydrological forecast calculated from the meteorological
forecast ensemble. The uncertainty of hydrological
modelling is expressed by an error model, which is
derived from the statistical distribution of deviations
between historical flow forecasts and the observed flow
for different lead times.

Historical flow forecasts were calculated by replacing
the predicted precipitation with observed precipitation to
clear the influence of precipitation forecast uncertainty

ROC plot
1.0
%}@
j_
i %,
2 N
305
a
g
=
0.0 0.5 1.0

False positive rate

Basic interpretation of rank histogram and ROC plot.

on forecast error. The method of calculating historical
forecasts as well as a number of forecasts is essential for
the successful application of the dressing method.
Historical forecasts should well represent the uncertainty
of hydrological modelling in real-time operations and
should cover as many runoff variants as possible.
Because the AqualLog hydrological forecasting system is
built on continuous models, we assume that deviations of
automatically calculated historical forecasts from
the observed flow well represent the uncertainty of
hydrological modelling. Uncertainty is expressed as
awhole without distinguishing between individual
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sources of uncertainty (input data, initial conditions,
model structure, operational control, etc.).

Error model

Although historical forecasts are not affected by
uncertain precipitation prediction, the magnitude of
the errors of historical forecasts significantly increases
with the lead-time. This is due to two facts. (1)
The forecast is in the last phase of the calculation
assimilated to the last observed flow, which eliminates
the error in short lead-time. (2) The forecast for
downstream water gauging stations is in short advance
based on a more reliable channel routing model with
input of observed discharge from the upper station. After
exceeding the travel time of water among two water
gauging stations the observed discharge is replaced with
simulated discharge, which contains errors from the less
reliable rainfall-runoff model. It is obvious that specific
error models for different lead-time as well as for
different water gauging stations are required.

Error models were constructed according to
the frequency of flow multiplicative deviations Qdif :

Qobsp

Qdif, = )

Qsimy

where
Qsim, — is the forecasted flow in prediction lead time p,
Qobs, — is the observed flow in prediction lead time .

With a short lead time, most of the deviations Qdif
derived from the historical forecasts are close to number
one. With the increasing lead, the standard deviation, as
well as the variance of deviations, increase (see Fig. 4).
For some water gauging profiles, there is an uneven
distribution of overestimated and underestimated
forecasts in the error models. It indicates systematic bias,
which is related to the calibration of the hydrological
model. The error model created in this way adjusts

Error models for different lead time

the ensemble prediction in two ways. (1) It expands
the variance of the hydrological ensemble calculated
according to precipitation variants. (2) It corrects
the systematic error of the hydrological model (bias).
Pagano (2012) uses one error model for each water
gauging profile. The advantage of this approach is a small
fluctuation of the error models because they are
calculated from a large number of historical forecasts.
One set of error models for each forecasting point also
facilitates the application of the method to daily
operation. In fact, it is clear that the uncertainty of the
hydrological model differs for different runoff phases.
The increase of forecast errors with a lead-time for the
period without precipitation with steady river discharge
and for the period when heavy precipitation is expected
varies significantly.

The dynamic construction of the error model proved to
be a suitable solution to this problem. For each
hydrological forecast, a number of the most similar
historical forecasts are selected. The specific error model
is built from this selection. This means that the error
model differs not only for each water gauging profile and
the lead-time but also according to the type of runoff
phase. The dressing method is combined with the method
of the historical analogue (Li, 2017). Nash-Sutcliffe
coefficient was chosen as a criterion for the selection of
historical forecast analogues. Its calculation is based on
equation (2):

_ I, (5i-0p)?

NS=1 SN (0-0)7

)

where

Si—is the discharge of the current forecast at the time j,
O is the discharge of the historical forecast at the time ;,
O — is the average discharge of the historical forecast.

The unique error model for each forecast is more correct
because it doesn’t mix different runoff phases with
different errors into one error model. The other advantage

Multiplicative deviations (Qdif)

Lead time

Fig. 4.

Error model (distribution of frequency of multiplicative deviations Qdif) for

different lead time. Coloured lines indicate percentiles of the distribution of deviations.
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of dynamic construction of the error model is
the elimination of forecasts which are not suitable for
the dressing method, ie. forecasts that don’t have
a sufficient number of similar historical predictions
(Fig.5). The time development of these forecasts is so
dynamic that it is difficult to find enough similar
historical forecasts. Error models built from lower
numbers or less similar discharges can give too large
variance and unreal estimation of forecast uncertainty.
Testing the method proved that the vast majority of
removed forecasts was from the high flow period when
the dominant source of uncertainty is the quantitative
precipitation forecast, and therefore the original
ensemble, based on variants of precipitation forecasting,
usually provides a sufficient estimate of forecast
uncertainty.

The successful application of the method is related to
the setting of the minimum value of the NS coefficient,
the number of historical floods required for the error
model and the length of the processed time series.
The minimum value of the NS separates historical
forecasts suitable and not suitable for the error model.
The number of chosen historical forecasts determines
the reliability of the error model and the length of the
time series of the forecast has a similar effect. In the case
of forecasts with a very short lead-time, the length of time
series should be extended to include observed data
because autocorrelation between the observed and
the predicted flow is usually very strong.

Setting the method, which means a high degree of
similarity between the adjusted forecast and historical
forecasts, gives a better chance for a more accurate
estimate of the uncertainty of hydrological modelling, on
the other hand, it reduces the number of forecasts that can
be processed by the method. Finding the optimal
compromise between the number of processed
predictions and the success of the method was the subject
of method calibration.

From error model to ensemble forecast

The error model was expressed by 9 levels of probability
of exceeding from the deviations Qdif ordered by size.
The levels correspond to percentiles Po.1; Po.2; Posto Pog
(see Fig. 3). Each hydrological forecast (each member of
the forecast ensemble) was divided into 9 forecasts
multiplying the flow by nine Qdif values for each lead
time of the forecast. This created a new ensemble nine-
time larger than the original ensemble. For example in
the case of hydrological forecast ensemble based on 17-
member precipitation variants from ALADIN-LAEF
system extended 153-member was created.

However, the number of members of the hydrological
forecast ensemble should not change after post-
processing for two reasons. (1) Some forecasts are not
suitable for the dressing method due to too few similar
historical forecasts. (2) Post-processing, in general,
should not affect further processing of forecasts
(publications, archiving). For these reasons, the next step
is to reduce the number of ensemble members to
the original count. From the several tested procedures,

a simple percentile selection method was finally chosen.
The members of the extended ensemble were sorted by
the size based on the selected criteria (average flow, or
maximum flow, or a combination of multiple indicators)
and every 9th member was chosen. The disadvantage of
this approach is that new ensemble members don’t have
to be derived from the same member in the original
ensemble. Therefore some variants, typically with
secondary waves, may not appear in the new ensemble.
However, the variance of the predictions according to
the selected criterion (average flow, maximum flow, etc.)
is expressed correctly.

Method calibration and results

Calibration and testing of the post-processing method
dressing with a dynamically generated error model
consisted of (1) finding optimal parameters for building
the error models (2) comparison of the assessment of
original and modified hydrological ensemble forecast.
The set of historical hydrological forecasts covered of
2780 episodes from the period 2012 to 2020. They were
calculated for 40 forecasted points in the Upper Vltava
river basin as a time series of discharge values with
1 hour time step and 66 hours lead time. The time series
of predicted discharge started always at 7:00 AM, which
is the time zero of real-time forecast. This may be
important in building an error model because some
forecast errors can be affected by the daily development
of weather, especially air temperature. The minimum
number of historical forecasts required for the building of
the error model was set at 20 cases. Forecasts were
compared without including any section of observed
flows that precedes the predictions. Calibration was
focused on finding the optimal size of the NS coefficient.
For the calibration and the testing of the performance of
the method, 270 ensemble hydrological forecasts
calculated in real-time operation in the years 2020 to
2021 were used. These ensembles were based on 17
variants of precipitation from the ALADIN-LAEF
forecast system with a time step of 1 hour and 66 hours
lead-time.

With a high degree of similarity (NS>0.7) between the
adjusted forecast and its historical analogues, the best
statistics of improvement were obtained. Unfortunately,
the rate of forecasts that were adjusted by post-processing
fell to units of per cent. For the criterion of low degree of
similarity (NS>0), between 95 and 99% of all forecasts
have already been adjusted by dressing method.
However, in this case, the variance of the error models
was too large and they produced worse results, especially
in the too-large spread of the adjusted ensemble of
hydrological forecasts. The size of NS between 0.2 and
0.3 turned out to be the optimal value, which allowed the
adjustment of approximately half of the predictions.

The success of river flow forecast can be viewed in
different ways and there isn’t one perfect evaluation
criterion. Therefore three statistical methods were
selected for verification of dressing. The positive effect
of the adjustment of forecasts was reflected above all in
the widening of the spread of ensemble members.
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Insufficient spread of original ensemble forecast caused
that there were too frequent cases where the observed
flow was behind the edge of the ensemble members. It is
manifested as too big bars in the rank histogram (Fig. 6).
After applying dressing with appropriate parameters
the frequency of position of observed discharge between
members ensemble forecast was more equal.

Methods based on the evaluation of the probability of

Ensemble forecast before Dressing

Discharge [m3.5-1]

exceeding a certain discharge threshold showed
significant improvement in the area of average and
below-average flow. Furthermore, there was a high rate
of adjusted forecasts in this interval of discharge.
Towards higher flows, the rate of adjusted forecasts
decreases and the effect of post-processing disappears
(Fig. 7). The percentage of adjusted forecasts, as well as
improvement rate, varies among water gauging profiles.

Ensemble forecast after Dressing

Discharge [m3.5-1]

A\ “\
Fig. 5.  Example of post-processing with the Dressing method where some
of the original member weren’t processed because of weak error model.
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17 members of forecasted ensemble of average discharge. Comparison of real-time
forecast and the forecast adjusted by post-processing.
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gauging station (basin area 126 km?). Comparison of evaluation of original real time
forecasts and adjusted forecasts by dressing method.

It is related to different variability rainfall-runoff
conditions and the influence of water constructions
(weirs, dams).

Discussion

The estimation of hydrological modelling uncertainty
using the dressing method depends largely on the extent
of the archive of historical forecasts and on the fact
whether historical forecasts correspond the uncertainty of
hydrological modelling of real-time operations.
The archive of 2780 historical forecasts for a period of
9 years provided a sufficient database for post-processing
forecasts with little variability, mostly average or below-
average flows. Better results can be expected by
expanding this archive because it should cause more
similarity between the current forecast and historical
analogues.

Historical forecasts in which the precipitation forecast is
replaced by observed precipitation cannot be calculated
in real-time operation but must be prepared in automatic
calculation afterwards. Forecasting systems where
the operation is highly interactive, e.g the hydrologist
significantly interferes with the setting of the initial
conditions, or even the parameters of the hydrological
model and adjusting the forecast are not suitable for
the application of this method. This is because
asignificant part of the uncertainty of hydrological
modelling is associated with hydrologist decision-
making, which cannot be transferred to the automatic
calculation of historical  forecasts. = However,
the development of hydrological forecasting models,
especially the increase of their spatial resolution, leads to
more automatic real-time operations.

Recalculation of historical forecasts even in very
complex hydrological model is possible. In comparison
with numerical meteorological models, which are
extremely demanding on the computing capacity of

computers it is relatively easy and quick to update
the archive of historical forecasts in case of changes in
the structure of the model or its parameters. These facts
open up space for more frequent use of post-processing
methods.

Conclusion

The post-processing method dressing with a dynamically
compiled run-time error model is a functional tool for
adjusting ensemble hydrological forecasts which are
based only on ensemble precipitation forecasts. Methods
increase the success of hydrological ensemble
predictions by including uncertainty of hydrological
modelling. This uncertainty is derived from deviations of
historical forecasts with a similar pattern of simulated
discharge and observation. Historical forecasts must
represent solely possible errors of the hydrological
forecasting system as a whole without the influence of
precipitation forecast uncertainty.

Testing the effect of dressing on the short-term
ensemble’s hydrological forecasting method
demonstrated a significant improvement in the success of
the forecast adjustment. Above all, there was a positive
spreading of the variance of the forecast ensemble and
also a slight correction of the systematic bias of the flow
from hydrological model resimulation. The change was
particularly noticeable in the area of average and below-
average flows, where hydrological modelling is
the dominant source of uncertainty. For forecasts with
higher flows and with rising river levels, there wasn’t
a sufficient number of similar situations in the database
of historical forecasts and therefore no adjustment by
the dressing method was possible. However, the most of
rejected forecasts were runoff episodes where
the dominant source of uncertainty is the precipitation
forecast, which is covered in the ensemble's
meteorological forecast input.
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The method is suitable for the operational operation of
hydrological services using automatic or semi-automatic
forecasting systems. The application of the method into
a hydrological forecasting system is simple and can be
implemented without disrupting already established
processes.
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Snow cover in the Ukrainian Carpathians

Viktor I. VYSHNEVSKYT, Olena A. DONICH

Based on the results of regular monitoring during 1961-2020, the main features of snow cover in the Ukrainian
Carpathians were determined. The observation data at the meteorological stations, mainly located at high altitude, show
an increasing trend in snow cover depth in winter and in the first half of spring. At the same time, there is a decrease in
snow cover duration at low altitudes and an increase at high altitudes. General trends for the mountain area are higher air
temperature and lower wind speed. Simultaneously precipitation changes are small or absent. It has been shown that
decrease of wind speed over the last decades should be taken into account to determine the actual changes in snow cover.
As a result of this decrease, the snow cover depth in the mountains became more uniform than at the beginning of
the observations: larger on mountain tops and smaller in ravines and mountain forests. This means that in general, the snow
cover depth and snow water equivalent in the mountains are stable. This was confirmed by the fact that during spring
flood the water runoff of local rivers remained without essential changes.

KEY WORDS: snow cover, air temperature, precipitation, wind speed, river runoff, the Ukrainian Carpathians

Introduction

Climate change in the mountains, in particular of air
temperature and snow cover is a popular issue of many
scientific studies. Their results showed a trend towards
temperature increase (Holko et al., 2020; Marin et al.,
2014; Marty and Meister, 2012; Migala et al., 2016;
Tomczyk et al., 2021; Vyshnevskyi and Donich, 2021).
This increase has been accelerating in recent decades. In
particular, the winter of 2019/2020 in Central Europe was
much warmer than usual. This could not but affect
the snow cover.

The increase of air temperature can give ground for
considering a possible decreasing trend in snow cover
depth. At the same time, the changes of snow cover depth
and its duration are not quite obvious, partly due to
essential variability of these parameters. Moreover, in
some cases, research results are contradictory.

The study (Tomczyk et al., 2021) showed the decrease in
the number of days with snow cover for the most of
Poland, except for the mountain region, where there was
an increase, but not statistically significant. A decrease in
snow cover depth was determined at low, and an increase
— at high altitudes. The authors (Tomczyk et al., 2021)
consider that the duration of snow cover strongly depends
on the temperature, and the snow cover depth depends on
the amount of precipitation in the form of snowfall.
Some other results were obtained for the neighboring
area in the Tatra Mountains (Holko et al., 2020). At
the station, located at an altitude of 1778 m a.s.1, there is

a slight declining tendency of snow cover and at
the station with an altitude of 1991 m a.s.l. no changes
are noticeable. Simultaneously the duration of snow
cover at both stations remained unchanged. A decreasing
tendency for the snow cover and the water in it during
1951-2017 was obtained in a study (Fontrodona et al.,
2018) on the main part of Europe. At the same time for
the coldest areas in Europe, an increase in mean and
maximum snow depths is observed. The study (Bulygina,
et al., 2009) carried out as to territory of Russia showed
the decrease of snow cover on its larger part except
Central Siberia and the coast of the Sea of Okhotsk,
where it increased. Negative temporal trends in snow
cover depth were found in Norway for low altitude
stations and positive trends were indicated for the stations
over 850 m a.s.l. (Skaugen et al., 2012). Studies (Marty
and Meister, 2012) in the Swiss Alps found no changes
in snow depth in mid-winter. However, there is
a decreasing trend in snow cover depth during the
snowmelt period in the spring and summer months.

The dependence of snow cover parameters on important
factors has been studied in (Malgorzata, 2002). It was
determined that in mountain conditions they have a worse
correlation than in lowland ones.

Some studies of snow cover are grounded on remote
sensing data. The article (Notarnicola, 2020) contains
the statement about significant negative trends in snow
area and snow cover depth in the European Alps and
the Carpathian Mountains during 2000-2018. The same
results were shown in the study (Dong and Menzel, 2019)
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carried out for the central European region covered by
low mountains.

The precipitation, in particular, in the cold period,
generally did not change essentially (Repel et al., 2021;
Roznovsky et al., 2020; Kubiak-Wojcicka, 2020).

Many studies show the decrease tendency of wind speed
(Birsan et al., 2020; Marin et al., 2014; Spinoni et al.,
2015; Vyshnevskyi and Donich, 2021). It is important
that the decrease of maximum monthly wind speed
exceeds the decrease of mean monthly wind speed. This
decrease is more pronounced during the months with the
highest wind speed (Birsan et al, 2020).

The study (Griinewald et al., 2014) shows the possibility
of wind to redistribute the snow from exposed to
sheltered locations. The erosion of snow by the wind is
the largest at high altitudes, as wind speed increases with
elevation.

Despite some climate changes, in particular snow cover,
the river runoff during spring flooding is rather stable. In
some European regions there is a trend towards earlier
spring floods, in some — to later ones (Bloschl et al.,
2017). The studies (Halmovéa and Pekarova, 2020; Holko
et al., 2020; Gorbachova et al., 2018; Ba¢ova Mitkova
and Halmova, 2020; Mostowik et al., 2019) show that
the changes of maximum discharges and runoff volume
during spring flood in the Carpathians Mountains are
small or absent. As can be seen, there is a problem with
finding factors that affect both snow cover and river
runoff during spring flood. In our opinion, the uncertainty
regarding changes in snow cover depth and river runoff
is due to ignoring of some factors, including the changes
of wind speed during the last decades. So, the main goal
of this study is to specify the real changes in snow depth
in the Ukrainian Carpathians as an important factor
influencing river runoff.

The study area

The studied area of the Ukrainian Carpathians is
the central part of the Carpathian Mountains. The total
length of these mountains is about 240 km, the width is
50 km, the largest altitude is 2061 m a.s.l. (Hoverla
Mountain). The characteristic feature of these mountains
is the presence of ridges, which go almost parallel to each
other. The highest ridge, where Hoverla Mountain is
located, has the name of Chornohora or Chornohirskyi
Ridge. The second by altitude is Svidovets Ridge with
the highest altitude of 1883 m a.s.l., located a little bit
northwest from Chornohirskyi Ridge. The volumetric
image of the Ukrainian Carpathians, created on the basis
of Shuttle Radar Topography Mission (SRTM) digital
elevation model, is shown in Fig. 1.

Methodology and data

In the Ukrainian Carpathians there are about a dozen
meteorological stations at different altitudes. Only two of
them are located at a rather high altitude. The first station
Plai is located on the southwestern macroslope of
the mountains; its altitude is 1331.5 m a.s.l. The second
station Pozhezhevska with the altitude of 1451 m a.s.l. is
located on the northeastern macroslope on the distance
2.6 km from Hoverla Mountain. The other stations are
located at low-mountain terrain; their altitudes range
from 432 to 762.5 m a.s.l. Typically, these stations are
located in river valleys on the outskirts of local towns and
villages (Table 1).

In addition to measuring the parameters of the snow
cover parameters (dates of its formation, depth and dates
of its disappearance), these meteorological stations
measure many other parameters: air temperature,

Fig. 1.
the meteorological stations in its Ukrainian part (1 — Turka, 2 — Nyzhni Vorota, 3 —
Slavske, 4 — Dolyna, 5 — Plai, 6 — Nyzhnii Studenyi, 7 — Mezhihiria, 8 — Yaremche,
9 — Rakhiv, 10 — Pozhezhevska, 11 — Seliatyn) and studied hydrological stations (12 —
Bila Tysa — Luhi, 13 — Teresva — Ust-Chorna, 14 — Limnitsa — Osmoloda, 15 — Chornyi
Cheremosh — Verkhovyna).

Volumetric

image of the Carpathian Mountains with
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precipitation, wind speed, etc. Relevant meteorological
parameters were processed for the period 1961-2020. In
many cases the data for the periods of 1961-1990 and
1991-2020 were analyzed separately.

Certain attention was also paid to the river runoff —
mainly to the inner year distribution. Changes in river
runoff and possible factors that may cause them were
analyzed. The remote sensing data (mainly of Landsat
satellites) were also used in the study.

Results
Snow cover depth

The largest snow depth in the Ukrainian Carpathians is
observed at the meteorological stations Plai and
Pozhezhevska, located at the largest altitude. During
1991-2020 the mean snow depth at the meteorological
station Plai in the third decade of February, when it is
the largest, is 47 cm. In turn, the mean snow depth at
the meteorological station Pozhezhevska in the third
decade of March, when it is the largest, reaches 43 cm.
The mean snow depth among the largest measured values
at these meteorological stations is 74 and 79 cm
respectively.

During 19912020 the largest snow depth was registered
at the end of the cold and snowy winter of 1998/1999.

That winter the mean snow depth among the largest
measured ones at 11 meteorological stations was 106 cm.
The lowest value was observed in winter 2015/2016,
when it was 20 cm.

The available data show that snow cover depth during
the period of 1961-2020 slightly changed. At stations
located in low-mountain terrain a small snow depth
decrease is observed in December and January. Simulta-
neously, is observed a small increase during the period
from February till the middle of April. The changes at
the highest stations are much more obvious. There is
a significant increase in snow cover depth, especially in
winter and in the first half of spring (Fig. 2).

As can be seen in Fig. 2, the largest snow cover depth in
the last three decades is observed somewhat later than
before. The obtained result gives possibility to make
the conclusion that snow cover depth in the Ukrainian
Carpathians has an increasing trend. This result coincides
with results published in the articles (Tomczyk et al.,
2021; Skaugen et al., 2012), but it is different from other
ones obtained in other regions — mainly at lowland
conditions. Therefore, this issue is considered in more
detail in the discussion. The relationship between snow
cover depth and snow cover duration at the neighboring
stations is generally weak. It is stronger for the snow
cover duration and it is weak (almost absent) when
concerning the snow cover depth.

Table 1. The parameters of meteorological stations in the Ukrainian Carpathians
Ne Name Altitude [m a.s.l.] Latitude Longitude
1 Turka 592.4 N49°09'01" E23°01'47"
2 Nyzhni Vorota 488.7 N48°46'30" E23°05'52"
3 Slavske 593.6 N48°50'31" E23°26'57"
4 Dolyna 467.6 N48°58'37" E23°59'52"
5 Plai 13315 N48°40'03" E23°11'53"
6 Nyzhnii Studenyi 611.4 N48°42'04" E23°21'57"
7 Mezhihiria 4554 N48°31'37" E23°30'17"
8 Yaremche 531.3 N48°27'10" E24°33'12"
9 Rakhiv 432.1 N48°02'52" E24°11'54"
10 Pozhezhevska 1451 N48°09'14" E24°32'04"
11 Seliatyn 762.5 N47°52'36" E25°12'59"
SD, cm SD, cm
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Fig. 2.  The mean snow depth in the Ukrainian Carpathians: a) — at 9 meteorological

stations in low-mountain terrain, b) — at highest Plai and Pozhezhevska stations; left
columns — during 1961-1990, right columns — during 1991-2020.
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Snow cover duration

Data on snow cover, as well as data on the formation,
duration and disappearance of snow cover depend on
the altitude. This dependence is much stronger than
the dependence on latitude. The longest snow cover
duration (SCD) is observed at the highest meteorological
stations Plai and Pozhezhevska, where during 1991-2020
it was 157 and 158 days, respectively. In the previous
period of 1961-1990 this duration at both stations was
the same — 153 days. Thus, we see a small increase.
The increasing trend in the snow cover depth and
duration at Pozhezhevska station in 1961-2010 was also
identified in the study (Btazejczyk and Skrynyk, 2019).

The snow cover duration at the meteorological stations in
low-mountain terrain is much smaller. Thus, at Mezhi-
hiria station (southwestern macroslope of the mountains)
in 1961-1990 it was 99 days, in 1991-2020 it was 92
days. In turn, at Yaremche station (notheastern
macroslope of the mountains) in 1961-1990 it was 98
days and in 1991-2020 it was 91 days. Over the last 30
years, a decrease in the duration of snow cover has been
observed at all low-lying meteorological stations (Fig. 3).

SCD, days
160
140
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o

The snow cover duration correlates with the cold period
duration, which at low altitude commonly lasts from
December till February and at high altitude — from the se-
cond part of November till the end of March. Very long
period with snow was observed in cold period of 1995—
1996, which was caused by the cold November in 1995.
That winter the snow cover duration at Pozhezhevska
station reached 185 days. On the other hand, the shortest
periods were observed in cold periods 2000-2001 and
2019-2020. During winter of 2019-2020 the mean air
temperature at the meteorological stations, located at low
altitude, was higher than 0°C. As a result, the snow cover
duration was about twice shorter than usual.

The snow cover in the mountains was studied with
the use of satellite images of Landsat satelites, which
have spatial resolution 30 m. The available satellite
images prove the essential impact of altitude on snow
cover formation and melting. Generally, the formation of
snow cover starts on the Chornohorskyi Ridge, which is
the highest. Almost simultaneously, it is formed on
the Svydavets Ridge, which is located nearby — a little bit
to the northwest. The longest duration of snow cover is
observed on these ridges as well (Fig. 4).
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Fig. 3.

The snow cover duratlon at meteorological stations in the Ukrainian

Carpathians: 1 —Turka, 2 — Nyzhni Vorota, 3 — Slavske, 4 — Dolyna, 5 — Plai, 6 — Nyzhnii
Studenyi, 7 — Mezhihiria, 8 — Yaremche, 9 — Rakhiv, 10 — Pozhezhevska, 11 — Seliatyn;
left columns — during 1961-1990, right columns — during 1991-2020.

Fig. 4.

The nw cover in the Ukrainian Capathigns the left — o O..2013,

on the right — on 30.03.2014 (the Chornohirskyi Ridge is shown by arrow).
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In cold spring, snow cover in the mountains can be
observed until May or even until the first half of June. In
particular, the existence of snow can be seen in a satellite
image obtained on June 11, 1985. At this time,
the remnants of snow are observed not on the mountain
tops, but on their northern and northeastern slopes. This
fact is confirmed by actual observations and satellite
images. A study (Vyshneskyi and Shevchuk, 2017),
conducted using the thermal channel B10 of the Landsat
8 satellite, showed that the lowest surface temperature in
the day time is observed on the northern and northeastern
slopes of the mountains.

Air temperature

Among factors which influence snow cover depth is air
temperature. As in many regions in the world, in
the Ukrainian Carpathians a vivid increasing trend in air
temperatures is observed. That refers the stations located
both at low and high altitude (Fig. 5).

As can be seen on Fig. 5, the increase in mean air
temperature during the period of 1961-2020 is about
2°C. The increase at the meteorological stations, located

80
10.0
9.0
8.0
7.0
6.0
5.0
4.0
3.0
2.0
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0.0
1960 1970 1980

Fig. 5.

at the low altitude, is some larger than those ones located
at the high attitude.

The mean annual air temperature at all 11 meteorological
stations in 1961-1990 was 5.6°C, and in 1991-2020 it
was 6.6°C.

Considering the question of snow cover depth, it is
important to analyze the air temperature in the cold
period. These data show that the increase of air
temperature at low altitude is larger, than at high altitude.
At the same time, at high altitudes, the increase in air
temperature in summer is more noticeable (Fig. 6).

The similar results as to the seasonal features were
described in many other papers (Rangwala and Miller,
2012; Spinoni et al, 2015). The study (Rangwala and
Miller, 2012) showed that in the Swiss Alps the rate of
temperature rise in the summer period is the largest and
in the autumn period is the lowest.

The increase in temperature in January (the coldest
month of the year) at the stations, located at a rather small
altitude, in most cases has the range of 0.5-0.6°C per
decade. In turn, at the highest stations Plai and
Pozhezhevska the increase is much smaller — 0.15-0.2°C
per decade.

1990 2000 2010 2020
The increase in mean annual air temperature in the Ukrainian Carpathians

during 1961-2020: 1 — at 9 meteorological stations, located at the low attitude, 2 — at

two ones, located at the high attitude.
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Fig. 6.
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The increase in mean monthly air temperature in the Ukrainian Carpathians:

a) — at 9 meteorological stations, located in low-mountain terrain, b) — at highest Plai
and Pozhezhevska stations. Left columns — during 1961-1990, right columns — during

1991-2020.
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The increase in air temperature has some impact on
the plants, in particular on the forest. On the large altitude
it is observed the increase of forest area. In particular it
can be seen in satellite images of the surrounding of
the Pozhezhevska station (Fig. 7).

Precipitation

Another factor which has influence on the snow depth is
precipitation. This parameter in the Ukrainian
Carpathians is uneven in space and in time. It depends on
the altitude and location of the meteorological stations as
to the mountains ridges. The largest amount of annual
precipitation is observed at the meteorological stations
Plai and Pozhezhevska, which are at the largest altitudes.
During 1961-1990, the mean amount of precipitation at
these stations was 1641 and 1436 mm, in 1991-2020,
respectively, 1451 and 1536 mm. At the same time,
the lowest precipitation is observed at the meteorological
stations Dolyna and Seliatyn, where it is about 1.5 times
smaller. Generally, the changes in the amount of
precipitation during 1961-2020 are not large (Fig. 8).

The comparison of data for the periods of 1961-1990 and
1991-2020 shows the small increasing trend in
the amount of precipitation in February and March that

Google Earth

Fig. 7.

can be the reason of snow cover increase in this period.
At the same time, these changes are not statistically
significant.

The tendency of winter precipitation increase is also
observed in the Bieszczady Mountains, located to
the northwest of the Ukrainian Carpathians (Mostowik
etal., 2019).

Wind speed (WS)

The important factor which can influence the snow cover
depth is the wind speed. Nevertheless, this influence is
generally ignored. However, its value in the mountains is
much larger (about twice or even more) than at
the lowland. At the Pozhezhevska meteorological station
the mean annual wind speed in 1991-2020 was 5.5 m s*
or about twice larger than at lowland. Almost the same is
the wind speed at Plai station — 5.3 m s. It is important
that during the observation period started in 1961, wind
speed essentially decreased. This decrease is observed
throughout the year, but in the second half of the year it
is the largest (Fig. 9). The decrease of wind speed is
observed at low located stations as well, but the changes
are smaller, than at the high located stations.

The similar results as to the decrease in wind speed were

§ Google Earth

The changes of forest spread nearby Pozhezhevska station (in the centre):

on the left —on 06.08.2011, on the right — on 01.10.2017.
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The mean monthly amount of precipitation in the Ukralnlan Carpathians: a) —

at 9 meteorological stations, located in low-mountain terrain, b) — at highest Plai
and Pozhezhevska stations. Left columns — during 1961-1990, right columns — during

1991-2020.
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obtained in many other regions of the world including
the Carpathian Mountains (Birsan et al., 2020; Marin
et al., 2014; Spinoni et al., 2015).

The river runoff

The analyses of river runoff can help to evaluate
the obtained results as to the changes of snow cover depth
in the Carpathian Mountains. It would be logical to
assume that the increase of snow cover depth must cause
the increase of river runoff during the spring flood.

In order to evaluate the impact of snow cover changes on
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Fig. 9.

y =-0,0502x + 104,74

the river runoff the data of 4 local rivers with rather high
river basins were processed. Two river basins (Bila Tysa
— Luhi and Teresva— Ust-Chorna) are located on
the southwestern macroslope and two ones (Limnitsa —
Osmoloda and Chornyi Cheremosh — Verkhovyna) are
located on the northeastern macroslope. The mean
altitude of these river basins has range 1100-1200 ma.s.l.
The available data of these rivers show that water runoff
during spring flood practically did not change. At
the same time, there is small increase in period January—
March. The changes of runoff volume during the period
from March till May in a whole are very small (Fig. 10).
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The changes of wind speed at the Pozhezhevska station: a) — mean annual

values, b) — by months (left columns — 1961-1990, right columns — 1991-2020).

Q, m3/sec
12.0

10.0
8.0
6.0
4.0
2.0
0.0

a

v v vEVIVITIX X XX

Q, m3¥/sec
14.0

12.0
10.0
8.0
6.0
4.0

Cc

I v v vEVvIEVIEIX X XX

Fig. 10.

Q, m¥/sec
b

40.0 I

v v vivivirix X X xi

30.0

20.0

—_

0.

o

0.0

Q, m3¥/sec
35.0

30.0
25.0
20.0
15.0
10.0

d

I v v viviviixX X Xi Xl

Intra-annual distribution of water discharge on the Ukrainian Carpathians

rivers: a) — Bila Tysa — Luhi, b) — Teresva — Ust-Chorna, ¢) — Limnitsa — Osmoloda,
d) — Chornyi Cheremosh — Verkhovyna (left columns — 1961-1990, right columns —

1991-2020).
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These data show that generally, the volume of water in
the snow cover did not change. It is possible to assume
that the earlier melting of snow cover is observed due to
the impact of air temperature increase partly during
winter thaws. It is the reason of river runoff increase in
this period.

Discussion

The available data show that the changes of snow cover
on the different altitudes are different. In fact the different
is not only altitude, but surroundings. The meteorological
stations Plai and Pozhezhevska are located at the tops of
mountains, the others — mainly inside the river valleys,
where the wind speed is much smaller.

It is well known (Griinewald et al., 2014), that under
the influence of wind the snow cover depth is greater in
ravines and river valleys, as well as in forests and bushes.
The difference in snow depth increases with the increase
of wind speed. When the wind speed is small, the snow
cover depth becomes uniform.

Special observations near the both highest meteorolo-
gical stations show the possibility of snow cover depth
up to 2 or even 3 m. At the same time, the snow depth at
the meteorological sites is essentially smaller.

It means that decrease of wind speed can change
the distribution of snow cover in the mountains, making
it more uniform: larger on the tops of mountains and
smaller in ravines, river valleys, forests and bushes.

To check this idea we analyzed the impact of
precipitation and wind speed on snow cover depth — more
correctly, its change (ASD) during winter months.
The impact of precipitation on the change of snow cover
depth is direct, and the impact of wind speed is opposite.
On a whole, these dependences are not strong, but their
comparison for the periods of 1961-1990 and 19912020
shows some differences. The correlation between
precipitation and the change of snow cover depth during
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Fig. 11.

the last three decades became closer than in the previous
period (Fig. 11).

On the other hand, the impact of wind speed on
the change of snow cover depth in 1961-1990 was larger
than in 1991-2020.

The regressive analyses shows the same result as to
the influence of precipitation and wind speed on
the change of snow cover depth: the correlation between
snow cover depth and precipitation is positive, between
snow cover depth and wind speed is negative.

The effect of wind speed on snow cover also is seen in
the example of the relationships between the snow cover
depth and the duration of snow cover at neighboring
stations. Over the last three decades, the correlation has
become closer than during the first three decades. First of
all it concerns the stations, located in low-mountain
terrain.

It can be added that strong wind can blow off the existing
snow cover with the speed that exceeds the speed of
melting process. This can be seen in the example of
the conditions observed at the Pozhezhevska station in
March 2006. After a heavy snowfall on March 4—7, 2006,
the snow cover depth here reached 121 cm. On March 9,
2006, a strong wind with an average daily speed of 8
m/sec caused the snow cover decrease from 121 cm to
101 cm. Next day strong wind reduced the snow cover
from 101 cm to 75 cm and then to 69 cm. We add that
during this period the air temperature was much lower
than 0°C (Fig. 12).

This case shows the great impact of wind speed on
the snow cover depth in the mountains. Obviously, in
the highest mountains, this impact is even greater. Thus,
the essential decrease of wind speed during the last 60
years is a very important factor influencing snow cover
redistribution in the mountains. In our opinion, some
decrease of wind speed in the mountains can be the result
of altitude increase of forest spread. As can be seen in
Fig. 7 this altitude is really increasing.
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The correlation between precipitation and the changes of snow cover depth

at Pozhezhevska station in January: a) — 1961-1990, b) — 1991-2020.
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on March 8-15, 2006.

Conclusions

Monitoring at the meteorological stations in
the Ukrainian Carpathians, especially at high altitudes,
show an increasing trend in snow cover depth.
Simultaneously it is observed the increase of air
temperature and the decrease of wind speed. However,
when assessing changes in the snow cover depth, it is
necessary to take into account the effect of wind. Strong
wind causes the significant redistribution of snow across
the territory and this is the reason of snow cover decrease
on the mountain tops and its increase in ravines, river
valleys and forests. The observed decrease in wind speed
in recent decades is accompanied by the alignment of
the snow cover depth in the mountains. The absence of
noticeable changes in snow cover in the mountains is
confirmed by data on river runoff. The river runoff during
the spring flood practically has not changed.

These results will be more visible in case of treatment of
data observed not only at meteorological stations but in
mountain ravines, river valleys and forests.
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SLOVACA

Climatology of the extreme heavy precipitation events in Slovakia in the 1951-2020 period

Ladislav MARKOVIC”, Pavel FASKO, Jozef PECHO

In this study, we investigate extreme heavy precipitation events in the Slovak Republic in the period 1951-2020 in terms
of their spatial and temporal distribution with goal to create dynamic-climatological analysis of those patterns of
the atmospheric circulation that can eventually lead to the occurrence of the extreme multi-day precipitation events. Heavy
precipitation is defined as maximum precipitation total over five consecutive days (Rx5D) where a non-zero daily
precipitation total must be recorded every day of selected 5-day period. Spatial and temporal distribution of multiday
precipitation totals is affected by many factors, mainly by the processes taking place in the troposphere eventually
represented by the synoptic scale atmospheric circulation and by the orographic diversity of the area, which together
significantly affects distribution of precipitation in the selected area. Our study is therefore constructed as an analysis of
relationships between localized tropospheric circulation defined by the Czechoslovak catalogue of the typified synoptic
situations (Bradka, 1968), the predominant wind patterns and the spatiotemporal distribution of Rx5D.

KEY WORDS: extreme precipitation, precipitation events, dynamic climatology

Introduction

Current changes in the global climate system, which are
strongly correlated to the ongoing human-caused climate
change, have an undeniable impact on the mean state of
the climate. Long-term increase of the global temperature
particularly well expressed in the Arctic and Polar
regions of the oceans in the Northern hemisphere can be
directly linked to the continually diminishing sea ice
areas (Bintanja et al., 2013; Vihma, 2014). It is very
likely, that the rise in the ocean surface temperature in
the North Atlantic Ocean and the Arctic Ocean affects
the dynamics of atmospheric flows and consequently,
the processes of genesis, vertical and horizontal
dimensions, stability, and patterns of movement of low-
and high-pressure areas. Warner (2018) proposes that
there is a strong positive correlation between the October
sea ice extent and the DJF (December — January —
February) values of the NAO index (North Atlantic
index). This can, via presupposed stratospheric path,
impact the strength of the polar stratospheric vortex,
specifically to cause its weakening, which is
subsequently manifested in the troposphere by
weakening of zonal winds and more pronounced
meandering the jet stream. These modifications in
the synoptic scale atmospheric circulation might lead to
a change in the distribution of precipitation during
the year in Slovakia, displaying as an increase in the
share of convective based stormy downpours in the total
precipitation sums (Fasko et al., 2015; Markovi¢ et al.,

2016) and the increasing extremity of precipitation
events. Better understanding of the established
circulation patterns associated with the extreme heavy
multiday precipitation events can help us correctly and
more precisely access and model trends and risks linked
to human-caused climate change.

In Slovakia, general studies have been previously
published that dealt with multi-day precipitation totals
(Lapin at al. 2004; Stehlova et al., 2001; Jurcova et al.,
2002; Gaal and Lapin, 2002) however, these studies
using shorter time series of daily precipitation were
mostly very localized and due to the limited number of
precipitation stations with processed maximum multi-
day precipitation totals and time-consuming process of
obtaining this data, only limited set of precipitation
stations with authentic data has been used in the analysis.
Dynamic-climatological analysis of  extreme
precipitation events was previously published only for
maximum 2-day precipitation totals (Markovi¢, 2019).
Our study uses new authentic data set of maximum 5-day
precipitation totals (Rx5D) from 486 precipitation
stations owned and operated by  Slovak
Hydrometeorological Institute (SHMI), with available,
complete, and consistent time series of daily precipitation
from the period 1951-2020. Our spatiotemporal
climatological analysis of the extreme heavy
precipitation events in Slovakia is constructed as a causal
analysis of relationships between spatially localized
tropospheric circulation, defined by the Czechoslovak
catalogue of the typified synoptic situations (Bradka,
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1968), the predominant atmospheric flow and the spatial
and temporal distribution of maximum 5-day
precipitation totals.

Data and study area

For needs of our analysis it was essential to create new
Rx5D data set obtained from the network of precipitation
stations operated by the SHMI performing precipitation
observations during the 1951-2020 period (Fig. 1).
Eventually, 486 stations with mean elevation 375 meters
a.s.l. were selected, excluding those, which could not be
incorporated due to the data inconsistency or due to short,
incomplete, or unreliable time series of observations.
Small portion of time series selected for the analysis still
contained brief interruptions. Missing data, however, did
not in any case exceed 5% of the total number of Rx5D
for each station, and therefore could be fixed or
calculated by using an expert approach based on
the regression analysis and analogy between data
measured at geographically related stations. From
selected precipitation stations were prepared Rx5D maps.
Spatial and vertical distribution of precipitation stations
has proven to be inadequate for used interpolation tool.
To improve the vertical distribution calculated for
selected set of stations, resulting in a more realistic
spatial distribution of Rx5D within the territory of
Slovakia, there were (only in the process of creating
maps) used 60 supplementary (virtual) points. (Fig. 1)
These points were located in the mountain areas, at
elevations over 500 meters above the sea level with mean
elevation 1049 meters a.s.l. 31 additional points were

100 km
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Fig. 1.
of Slovakia.

placed in positions located at the elevation between 500—
1000 meters. Remaining 29 points were placed in
the elevations between 1000-2000 meters. Exact
placements of supplementary points were identified
using method based on expert spatial analysis of
the existing field of precipitation stations conducted by
Dr. Pavel Fasko.

Maximum multiday precipitation totals

The sums of multi-day atmospheric precipitation totals
can be calculated by two slightly different methods —
the standard and the modified method (Lapin et al.,
2004). Standard processing method of multi-day
precipitation totals represents situations where a non-zero
daily precipitation total must be recorded every day of
selected n-day period. Possible occurrence of day (or
days) during which the precipitation was not registered,
or its amount was not measurable (0.0 mm) means, that
the total precipitation amount for the considered period is
excluded from the analysis. Such a relatively strict view
of multi-day continuous precipitation totals is
particularly preferred in hydrological treatments. In
climatology, on the other hand, it is also interesting and
helpful to include precipitation periods incorporating one
day without registered precipitation, but which could not
be the first or last day of this selected n-day period,
because in that case we would be only dealing with
shortened n-1 day period. This correction, of course, does
not apply to 2-day totals. The monthly maximum sum of
Rx5D therefore represents the highest value of all
5-day sums calculated from five successive days with

Legend
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the observed non-zero precipitation totals over the period
of one month. Sums of Rx5D measured at the turn of
months was assigned to the month with higher share on
total precipitation sum. This approach was also applied
to maximum totals that occurred at the turn of years
meaning, that there was the possibility that they could, in
some cases, be also comprised of data outside of selected
1951-2020 period — data measured in December 1950
and January 2021, which were therefore subsequently
included in our study.

Methodology

Our paper deals with a climatology of the extreme heavy
precipitation events in within the network of precipitation
stations operated by the SHMI. Presented methodology
has been chosen to provide a more comprehensive view
of the issue by not only identifying situations with
recorded highest Rx5D, but also directly incorporating
the necessary condition of sufficiently large area of their
distribution presented as a mean spatial value of
the monthly Rx5D.

Selection of the significant maximum 5-day
precipitation totals

The method used in the process of selecting significant
multi-day precipitation events was based on the analysis
of mean monthly values of the maximum multi-day totals
earned in a given month for each year of analysis as
simple average of all station values. If, in any given year,
the station did not record 5-day total and hence also
the Rx5D, zero value was assigned to this station for
the sake of preserving constant number of station values
included in each step the analysis. After calculating
the average monthly maximum values for the complete
set of stations for all years in the 1951-2020 period, we
defined the 5 highest values in each month of the calendar
year and, together with the year of occurrence, there were
selected for a subsequent synoptic analysis. This
selection method eventually aggregated 60 different
cases available for the consequent annual and half year
occurrence analysis of significant weather conditions
assigned to the surveyed Rx5Ds.

Identification of the period of occurrence

Occurrence of the extreme heavy precipitation events
have been identified within the selected 5 years with
the highest average sums. Previously calculated Rx5D
were station-wide assigned to corresponding dates, based
on regional analysis conducted using precipitation
reports and databased datasets from selected profile
stations in each river basin determined by station’s
designators. The final extent of each selected heavy
precipitation event has thus been set within 5 to 8-day
period.

Assignment of typified synoptic situation

Process of defining the days, from which was each

selected multi-day situation constituted, was followed by
assignment to the corresponding typified synoptic
situation. Data sources selected for identification process
were represented by specialized calendars of analyzed
synoptic situations containing analysis on day-to-day
basis. For the period 1951-1990 a calendar elaborated for
the territory of former Czechoslovakia (CHMU, 2017)
was used, and since 1991 a calendar of situations
identified exclusively for the territory of Slovakia
(SHMU, 2021) was applied. Publication of each annual
calendar is necessarily preceded by mutual
communication between the Czech Hydrometeorological
Institute and the SHMI. In these analyzes, however, are
for technical reasons, not identified divisions among
the synoptic situations of the same circulating type
following directly one after another. The general large
scale circulation typification used for the territory of
Czechoslovakia and later of independent Slovakia is
already from the process of its creation hampered by
inaccuracies and the larger the territory we try to include
under a narrowly defined typified situation, the greater
are the potential detection inaccuracies. We have tried to
minimize this impending identification errors with
a detailed study of daily totals within multi-day
precipitation situation, to ascertain given significant
weather situation because, in most cases these large-scale
circulating units are not stationary. Great diversity and
dynamics of atmospheric processes often results in
the extended stay period of selected 5-day precipitation
situations over the territory of Slovakia and thus, in many
cases, subsequently leads to detection of two,
exceptionally, up to three influencing typified situations.
In the final process of assessing the occurrence of typified
conditions, there have been, after analyzing daily totals,
selected one, if necessary two or three influencing
situations. This approach allowed us to create the input
set containing 99 influencing typified synoptic situations
assigned to the set of 60 cases consisting of the five heavy
precipitation events with the highest spatial means. This
dataset was subsequently used in the impact analysis
between typified synoptic situations and the spatial
distribution of the maximum sums of Rx5Ds. More
accurate identification of atmospheric circulation was
achieved by the archived reanalyzed large-scale maps of
geopotential levels 850 hPa and 500 hPa created by
the US Global Circular Model - GFS or by the US Office
for Ocean and Atmosphere (NOAA) (Wetterzentrale,
2021).

Results and discussion

The highest values of Rx5d exceeded 250 millimeters
and were measured at precipitation stations located in
the mountainous areas in the northern part of Slovakia at
elevation over 600 meters a.s.l. Absolute maximum value
of Rx5d, accounted for 274.7 mm, was measured in May
2014 in Tatranska Javorina on the northern slopes of the
Belianske Tatry mountain range. Rx5Ds over 200
millimeters were detected only on 33 stations (7%) in
the January—December period with only 4 stations
exceeding this Rx5D value in the cold half-year (October
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—March). Furthermore, it can be said, that the Rx5Ds
greater than 100 millimeters was at least once recorded at
466 stations, representing almost 96% of the whole set.

Spatiotemporal analysis of annual and seasonal
maximum Rx5d (Fig. 2) points to the fact, that higher
values of Rx5D were in the period 1951-2020 generally
achieved in the warm half-year (April-September)
(Fig. 3) with significantly pronounced orographic —
windward and leeward effects during the cold half-year
(October—March) (Fig. 4). Domains with high total
values — over 180 millimeters are concentrated mostly in
the mountainous northern parts, in the Vysoké Tatry and
Zapadné Tatry mountain ranges, in the north parts of
Orava and Kysuce regions and in the southwestern
Slovakia in the Malé Karpaty mountain range. However,
a relatively large region with high anuall Rx5D values is
localized also in the northeastern part of the republic.
Most of the area of Slovakia is contained in a value range
from 110 to 160 millimeters. Isolated areas of the lowest
calculated values — under 100 millimeters, are situated
mostly in the west on the Podunajskd nizina lowland.
Spatial distribution of Rx5Ds during warm half year
(Fig. 3) resembles overall annual distribution. During
the cold half-year are generally observed lower absolute
values (Fig. 4), Areas of the highest achieved values —
above 140 mm — are in the cold half-year, unlike in
the previous cases, located mainly in the central part of
the territory, namely in the region containing western
parts of Nizke Tatry mountain range and Velka Fatra
mountain range. Areas with high values are also situated
in its west and southeast neighborhoods. Relatively
extensive area with sums below 80 millimeters is
located in the southeast part of the territory in

Fig. 2.

the Vychodoslovenska nizina lowland.
Maximum mean values

The analysis of the highest values of the Rx5Ds can
provide a good point of view on the distribution of
extreme values, but it is not necessarily suitable for
alarge-scale study dealing with the effects of
the significant typified synoptic situations on the spatio-
temporal distribution of the extreme heavy precipitation
events. Use of mean values calculated for a complete set
of 486 precipitation stations represents a relatively
simple and accurate means for determining precipitation
events with greater spatial impact. Calculated mean value
and accuracy of the detection of the real extreme
precipitation event is greatly dependent on the number of
stations reaching Rx5D simultaneously. Mean value of
the maximum precipitation totals from the complete set
of 486 precipitation stations used as a measure to detect
the occurrence of the spatially significant precipitation
events reached its highest values within the May—
October period. The highest mean value and at same
time, the only total with value in the 90-millimeter range,
was recorded only recently in October 2020 with mean
Rx5d value 90.0 millimeters. The second (80.7 mm) and
third (78.3 mm) highest values were calculated for July
16 to July 21, 1997 and July 16 to July 22, 2001
respectively. (Table 1) Within the entire set comprised of
720 values of mean monthly Rx5Ds, values greater than
50 millimeters were achieved only 18 times, of which
6in July and 5 in October. Values greater than
50 millimeters were never, within this data set, recorded
in the period from January to April.

Legend
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Maximum 5-day precipitation totals in Slovakia in the 1951-2020 period.
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Fig. 3.  Maximum 5-day precipitation totals during the warm half-year in Slovakia
in the 1951-2020 period.
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Fig. 4. Maximum 5-day precipitation totals during the cold half-year in Slovakia
in the 1951-2020 period.

298



Markovic, L. et al.: Climatology of the extreme heavy precipitation events in Slovakia in the 1951-2020...

Dynamical-climatological analysis of maximum
average values

Form of a cluster analysis was selected to maintain
the transparency and informative value of obtained
results. Clusters were based on the relative geographic
position of the typified synoptic situation in relation to
the territory of Slovakia. Using this approach, 25 typified
synoptic situations were clustered to the 9 main groups
(clusters). These clusters consisted of one, two or three
typified situations. We subsequently obtained 7 clusters
for cyclonic types — 1.trough of low pressure over
the central Europe and trough moving over the central
Europe (B/Bp), 2. cyclone over the central Europe (C),
3.the upper-level cyclone (Cv), 4. eastern cyclonic
situation  (Ec), 5. northern cyclonic situations
(Nc/NEc/NWc), 6. southern  cyclonic  situations
(SEc/SWoc) and 7. western cyclonic situations (Wc/Wcs).

Anticyclonic and transient situations were thus each
assigned into its own one cluster — 8.entrance to
the frontal zone (Vfz) and 9. anticyclonic situations. In
section of our analysis, we worked with the collection of
60 cases consisting of five Rx5D events with the highest
spatial mean values for each month of year. Considering,
that the extent of each selected extreme heavy event has
been previously set within 5 to 8-day period each event
could be represented by up to three typified situations.
The final analyzed input set consisted of 98 individual
typified synoptic situations — 21 one-situation events,
37 two-situation events and 1 three-situation event.

Relative dominance of the B/Bp and Nc/NEc/NWc
clusters with exactly the same relative occurrence (29%)
was observed when analyzing relative occurrence of
significant synoptic types during events with the highest
calculated mean values, regardless of the month of their
occurrence (Fig. 5). Significant relative representation

Table 1. Ranking of the 10 highest mean monthly values of the Rx5D in Slovakia
in the 1951-2020 period
Rank Mean Year Month Date Situation Max
[mm] [mm]
1 90.0 2020 October 10. - 17. NWec-C 174.3
2 80.7 1997 July 16. - 21. C-NEc 253.6
3 78.3 2001 July 16. - 22. B-Bp 274.0
4 77.2 1984 September 21. - 25. B 219.7
5 745 1980 October 08. - 12. B-Bp 268.8
6 72.2 2010 May 13.-18. B-NEc 219.7
7 65.5 2007 September 04.-08. Ec 215.8
8 62.4 2011 July 18. - 22. B-C 155.2
9 61.3 1960 July 23.-27. C 229.6
10 59.8 1964 October 09. - 15. B-C 211.6
Wc / WCs
9%
- T, W ‘\
SEc / SWc Bz/g 3" \
4% =
{Nc / NEc / NWc =,
29% F e
' e C
B 209
y fil Ec il cv == 20/6 I
g 1(8% Il 194
Fig. 5.  Relative representation of typified synoptic situation on occurrence of highest

average Rx5D [%] from January to December i

n Slovakia in the 1951-2020 period.
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was also observed in case of cyclonic circulation types
with central position C (20%). No other cluster managed
to reach at least 10% relative occurrence. The highest
spatial mean value 90.0 millimeters measured during
heavy precipitation event form 10. to 17. October 2020
occurred during NWec situation transitioning into C
situation.

The cluster-based analysis of the absolute frequency of
occurrences of the typified synoptic situations during the
months of calendar year (Fig. 6) provides more detailed
look on their temporal distribution. From 2 to 6 detected
influencing clusters were identified for each month of the
year, the most (6) in March. February, April, May, and
August recorded 5 clusters, and the least (2) were

recorded in November, which also saw considerable
prevalence of a Nc/NEc/NWc cluster.

A better view on distribution, and the possible change in
the impact of selected clustered circulating types during
year can be achieved by a separate analysis using, in
climatology common division into the warm half-year
(April-September) (Fig. 7 left) and the cold half-year
(October—March) (Fig. 7 right).

In the warm half-year cluster B/Bp maintained its most
influential position with 6% increase in the relative
occurrence. Cyclonic situation with a central orientation
(C) increased its occurrence and become the second most
prevalent circulation type (3% increase). Increase in
the relative occurrence was detected for circulation

Abundance
w

Xl

| 1 Il v \Y VI VI VI IX X Xl
Months
B B/Bp mC OCv BEc ONc/Nec/NWc BSec/SWc mViz aWc/Wcs
Fig. 6.  Absolute frequency of occurrences of the typified synoptic situations during
the months of calendar year from January to December in Slovakia in the 1951-2020
period
ﬂ--..__..... [TTTT
W .\\ T
SEc / wi:/ We /
SWc 4;‘ £ WCs B/Bp
A 8% 2 \ free e 149 23%
Nc/ o
H 35% /4 .
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Fig. 7.

Relative representation of the typified synoptic situations on occurrence

of the highest average Rx5D [%] in the warm half-year (left) and cold half-year (right)

in Slovakia in the 1951-2020 period.
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clusters Ec (3% increase) and SEc/SWc (4% increase)
while western cyclonic situations occurrence decreased
by 5%. It can be also further noted, that, during this
period, Cv circulation type didn’t even participate in
the genesis of situations with highest maximum
precipitation totals.

Summer months of July and August can be presented as
a typical period, during which can be observed large-
scale atmospheric circulation necessary for occurrence of
the extreme precipitation events with a good spatial
distribution. Summer months are usually characterized
by high percentage of the convective precipitation, but
warm and humid atmosphere can during favorable
atmospheric circulation provide ideal condition for heavy
precipitation events influencing even lowland areas.
Spatial distribution of stations with the highest values of
the Rx5Ds calculated for five situations with the highest
mean values is displayed in the Fig. 8. Most stations are
in the mountain areas in the central part of the territory
with a patch of stations located in the eastern part of
Slovakia, even in the Vychodoslovenska nizina lowland.
This heavy precipitation event occurred during situation
Bp transitioning into NEc situation in 2004. Heavy
precipitation event in 1997 (C-NEc), significantly
impacted even areas in the west of Slovakia in the Malé
Karpaty mountain range, Biele Karpaty mountain range

0 20 40 80 km
N N
Fig. 8.

and Javorniky mountain range.

In the cold half-year can be observed a significantly
different relative distribution of clusters detected during
heavy precipitation events (Fig. 7). Unlike in the warmer
half-year, in this part of year there was recorded
(in comparison to the year-round relative distribution)
a significant increase in the relative representation of
Nc/NEc/NWec cluster (10% increase), which means, that
this cluster become the most prevalent with relative
occurrence of 39%. Decrease in the relative occurrence
was detected for cluster B/Bp (6% decrease) and
C (4% decrease) (but during the month of January
February and March, even the highest average values
during these circulation types. Cyclonic circulation
cluster with the southern orientation SEc/SWc didn’t
even participate in the genesis of the extreme heavy
precipitation.

The spatial distribution of the maximum values
calculated for 5 events with highest mean maximum
precipitation totals displayed for October (Fig.9)
represents a typical placement on the southern westward
slopes in the mountainous regions in the central part of
Slovakia during wide range of synoptic situations.
The absolutely highest mean value calculated for
the whole Rx5D data set was set during NWc-C extreme
heavy precipitation event in October 2020.

Legend
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Placement of 50 stations with the highest RxX5D measured during occurrence

of typified synoptic situations with the highest calculated mean values in Slovakia in July

in the 1951-2020 period.
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Placement of 50 stations with the highest RxX5D measured during occurrence

of typified synoptic situations with the highest calculated mean values in Slovakia

in October in the 1951-2020 period.

Conclusion

Spatiotemporal analysis of annual and seasonal
maximum Rx5d points to the fact, that higher values in
the period 1951-2020 of Rx5d were generally achieved
in the warm half-year (April-September) with
significantly pronounced orographic — windward and
leeward effects during the cold half-year (October—
March). Mean value of the maximum precipitation totals
from the complete set of 486 precipitation stations used
as a measure to detect the occurrence of the spatially
significant precipitation events reached its highest values
within the May — October period. The highest mean value
was recorded during heavy precipitation event in October
2020 with mean Rx5d value 90.0 millimeters.
The maximum mean values, independent of the month of
occurrence, were recorded during the presence of
the typified synoptic situations characterized as low-
pressure trough (B/Bp) and the cyclonic situations with
northern orientation (Nc/NWCc/NEc). Changes in
the spatial distribution of Rx5d during the year were
clearly identified in the separate warm half-year (April—
September) and cold half-year (October—March)
analyzes. Spatially significant precipitations events
recorded in the warm half-year were, in more than 1/2 of
the identified events, caused by the cyclonic situations
with central position (C) and by the low-pressure trough
(B/Bp). Cold half-year is, on the other hand, defined by
a dominant influence of the cyclonic situations with

northern orientation (Nc/NWc/NEc) complemented by
the low-pressure troughs (B/Bp).

Our analysis highlights the fact, that regional
Czechoslovak typification of significant synoptic
situations can, despite its often-present subjectivity,
provide very good results that correlate with the long-
term climatological knowledge of atmospheric
circulation over the territory of Slovakia. It also provides
good basis for the future objective dynamic-
climatological analysis.
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Assessment of time course of water and air temperature in the locality of the Turéek
reservoir during its operation in the period 2005-2019

Adrian VARGA", Yvetta VELISKOVA

In the future, during the ongoing climate change, water reservoirs will play an important role in the provision of raw water
for the subsequent production of drinking water for the inhabitants of Slovakia. The Turcek water reservoir is the fifth
largest water reservoir in Slovakia with a total volume of 9.9 mil. m3, which is used for the production of drinking water
for the towns Prievidza, Ziar nad Hronom, Handlové and a connection to the water mains of the Zarnovica district is also
planned. The paper deals with the trend analysis of water and air temperatures data for a selected period of time (2005—
2019). We used the non-parametric Mann-Kendall test, which is one of the most widely used nonparametric tests to detect
significant trends over time. The results of this test answer the question if there existed a significant trend for mentioned
temperatures in this locality or not. Analysis confirmed that it is not possible to determine a significant trend at
the significance level of 5%. Anyway, value of annual air temperature increased by 0.57°C during the study period 2005—

2019.

KEY WORDS: climate change, air temperature, water temperature, Turéek water reservoir, trend analysis

Introduction

Slovakia is the country with rich water resources. Both
the surface water and the groundwater resources ensure
the current and also potential needs of the country in
the future. However, they are distributed unequally over
the Slovak territory. The distribution depends on natural
conditions — mostly on geomorphologic, geological,
hydrogeological and climatic ones (Zelenakova and
Fendekova, 2018; Rondak and Surda, 2019).

Water resources are limited and are facing issues that are
caused by over-exploitation, continuous human pressure
and also climate changing, which could have serious
consequences on quality of water (Shevah, 2015), an
essential resource for human health, ecosystems and
the economy. Degradation of water quality can result in
human exposure to harmful diseases and toxic chemicals
(Hu and Cheng, 2013), reduced productivity and
diversity of ecosystems and damage to aquaculture,
agriculture and other water-related industries (Kaiblinger
et al., 2009).

Reservoirs are important sources of drinking water in
most parts of the world. Like other water body, reservoirs
are also impacted by climate change. This is reflected, for
example, in changes of physical properties such as
increasing surface water temperature, decreasing ice
cover duration, changing stratification or in biological
effects such as changes in the phytoplankton community
and in increasing risk of cyanobacteria blooms. Climate

change also amplifies processes leading to eutrophication
of water bodies which might reinforce global warming.
(Feldbauer et al., 2020). Reservoirs respond differently to
climate change compared to lakes because storage and
outflow are actively managed (Hayes et al., 2017;
Bednarova et al.,, 2021). The operational parameters
associated with reservoir control are: the withdrawal rate
or quantity, the withdrawal schedule, and the withdrawal
depth. The withdrawal depth directly influences storage
or dissipation of heat and material, thermal stability, and
thus resistance to mixing (Kennedy, 1999). In drinking
water reservoirs, adaptation of withdrawal depth is used
as a tool to optimize raw water quality for drinking water
production (Caceres et al., 2018).

The aim of this study is to analyze the time course of
water temperature and air temperature in this locality as
a starting point for assessing the possible impacts of
climate change on the water quality in this water body.

Water reservoirs for drinking water production
in Slovakia

Water reservoirs intended for the supply of water to
the inhabitants have their peculiarities — specific
operating conditions that allow raw water to be treated
and converted into drinking water. So far, eight water
reservoirs have been built in Slovakia, the basic data of
which are given in Table 1 (Slovak association of water
experts, 2020).
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As can be seen from the Table 1 all these reservoirs were
built in the 20th century during the period of years 1965
— 1998 with the exception of the Rozgrund reservoir (it
was built in the 18th century). From a historical point of
view, the Rozgrund reservoir deserves primary and
special attention. It was built in the years 1743-1744.
The project was elaborated by Samuel Mikovini in 1741
and under his leadership the construction was also
realized (Slovak association of water experts, 2020).

Trends of climate changes in Slovakia

By the document of the Ministry of Environment of

the Slovak Republic (MESR, 2018), the climate change

in Slovakia during the period 1881-2017, was manifested
as follows:

o the average annual air temperature increased by about
1.73°C;

e spatially different trend of annual total atmospheric
precipitation on average by about 0.5% (in the south
of the Slovak Republic the decrease was sometimes
more than 10%, in the north and northeast seldom
total precipitation increased by 3%); decrease in
relative humidity (in the south of Slovakia since 1900
by 5%, to other territory less);

o adecrease of values of all snow cover characteristics
up to an altitude of 1000m at almost the whole
territory of the Slovak Republic (in spite of this, an
increasing was recorded at a higher altitude);

¢ increase of potential evaporation and decrease of soil
moisture - characteristics of water evaporation from
soil and plants, soil moisture, sunlight confirm that
especially the south of Slovakia gradually dries out.

Global warming has manifested itself in Slovakia by
maintaining the average annual air temperature over
the last 100 years by 1.1°C. These data were observed in
the oldest Slovak weather station in Hurbanovo, in which
the monitoring has been ongoing since 1871 and
continuously since 1901. The period of the warmest
12 years was recorded in the early 1990s. At the same
time, atmospheric precipitation increased by an average
of 5.6%.

Regional differences were recognized between
the southern and northern parts of the Slovakia territory.
In the south of Slovakia the decrease was 10%, while in

the north and northeast it was 5%. The manifestation of
climate change is primarily a reduction of relative
humidity (up to 5%). Similarly, the snow cover decreased
in almost the whole territory of Slovakia (SHMI, 2021).

Impacts of climate change on water quality

Impacts of climate change on water quality with regards

to the water reservoirs for supply of the population with

drinking water were described and summarized by

(Hosaka, 2009) as follows:

e Increase in frequency of turbid water inflow due to
increase in heavy rain;

e Stagnation of circulation in reservoir due to global
warming;

e Increased risk of toxic chemicals in raw water due to
increase in vermin;

o Increase in production of trihalomethane due to water
temperature rise;

e Increased risk in pathogenic microorganisms in tap
water due to water temperature rise.

Future climate change scenarios also foresee a decrease
in water quality due to higher concentrations of pollutants
and sediments, through reduced dilution as a result of less
water in the rivers and reservoirs. Larger runoff events in
winter due to more extreme rainfall events may lead to
higher sediment and nutrient loads into streams and
reservoirs (Whitehead et al., 2009).

The synergistic effect of a decrease in atmospheric
precipitation and an increase in temperature disrupts
the natural water cycle. Long-term river flows have been
on a declining trend since 1980, with the exception of
the Danube River. Already in 1997 it was estimated by
(Mareckova et al., 1997) that by the scenarios for the time
horizons of 2010, 2030 and 2075, the capacity of surface
water reserves will decrease to 12.05, 11.05 and 9.42
billion m3, with the reduction of flows by 4, 12 and 25%.
Due to global warming, the surface water temperature of
a reservoir in winter does not lower as much as it had
before, and as a result, it does not complete circulation in
the reservoir bottom. Therefore, nutrition salts elute from
sediments at the reservoir bottom, deteriorating the water
quality and resulting in phenomena such as water-bloom
(Hosaka, 2009). Such phenomenon is already observed
in several lakes and reservoirs.

Table 1. Summary of water reservoirs in Slovakia used as a source of drinking water (source:
Slovak association of water experts, 2020)

Reservoir Basin Total volume [mil.m®] Year of commissioning

Rozgrund Hron 0.5 1774

Hritlova Hron 7.6 1965

Klenovec Slana 6.7 1974

Bukovec Bodva 214 1976

Starina Bodrog 47 1988

Nova Bystrica Vah 31.6 1989

Malinec Ipel 215 1993

Turcek Vah 9.9 1998

Tichy potok Poprad 24 ?
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Material and methods
Description of study area

The Turcek reservoir is located at the confluence of
the Turiec and the RuZovy streams above the village of
Turcek village (48°45'50.4"N 18°56'13.2"E). The dam
profile is situated in the valley below the confluence of
both streams. The width of the valley is approximately
120 m and the altitude in the dam profile localization is
719 m a.s.l. The dam of the Turcéek reservoir is sprinkled,
the length of the crown of the dam is 287.6 m and its
height is 59 m (Chmelar, 1998). The total volume of
the reservoir is 10.6 mil. m®, while its storage content is
9.9 mil. m3, (the reservoir is filled twice a year) and
the constant volume is 0.3 mil. m® of water. The average
amount of water supplied to the water treatment plant is
15.8 mil. m3/year. The total catchment area is 29.5 km?,

Theoretical background of data processing

The Mann-Kendall nonparametric test (M-K test) is one
of the most widely used nonparametric tests for
significant trends detection in a time series.
Nonparametric tests are more suitable for detection of
the trends in the hydrological time series, which are
usually irregular with many extremes (Hamed, 2008; Yue
et al., 2003; Gilbert, 1987 cited by Ba¢ova Mitkova and
Halmova, 2021).

This statistical method was also well described in Wang
et al. (2020):

The Mann-Kendall trend test (Mann, 1945; Kendall,
1975) is based on the correlation between the ranks and
sequences of a time series. For a given time series
{Xi, i=1, 2..., n}, the null hypothesis HO assumes it is
independently distributed, and the alternative hypothesis
H1 is that there exists a monotonic trend. The test statistic
S is given by:

n-1 n
S = Zi=0 Zj=i+1 sgn(X; — X;) ()]
where
Xiand X; — are the values of sequence i, j;
n — is the length of the time series;
1, ife <0

sgn(@) =4 0, if6 =0 )

-1, if6 =0

Mann (1945) and Kendall (1975) have documented that
the statistic S is approximately normally distributed when
n > 8, with the mean and the variance of statistics S as
follows:

E(S)=0 ©)

nn—1)2n+5) - X%, T;i(i — 1)(2i +5)

Ve = 18

C)

where
T; —is the number of data in the tied group;
m —is the number of groups of tied ranks.

The standardized test statistic Z is computed by

(L
Jves §>0
Zzio §=0 ®)
St Ss<0
Jv(s)

The standardized MK statistic Z follows the standard
normal distribution with E(Z)=0 and V(Z)=1, and the null
hypothesis is rejected if the absolute value of Z is larger
than the theoretical value Z;» (for two-tailed test) or
Z,-, (for one-tailed test), where a is the statistical
significance level concerned.

Results and discussions

Time series of data (type of weather, precipitations,
inflows, outflows, temperature of air and water, etc.)
were obtained from the operator of this reservoir —
Slovensky vodohospodarsky podnik, $.p. (Slovak Water
Management Enterprise, state enterprise). These data are
monitored and recorded every day at 6:30 AM, in some
cases even several times per day. This study analyses
trend of temperature of water and air in the Turéek
reservoir locality.

All data were digitized and processed in spreadsheet
software and analysis was performed through XLSTAT.
The overall course of mean monthly air and water
temperatures and trend lines for the whole period 2005—
2019 can be seen in Fig. 1. The course of the mean
monthly temperature values in the period 2005-2019 is
shown in Fig. 2 for each month separately.

As it can be seen, the value of average annual temperature
of water oscillated in the period 2005-2017 between 2.2—
3.8°C, only in the last two years is starting to rise more
rapidly. The value of average annual temperature of air
fluctuated in the range of 2°C, but no longer is lasting
steeper increase visible. However, both parameters show
a gradual increase in values, temperature of air slightly
steeper than water temperature. What can be also seen
from Fig. 1 is the fact that the change in trend between
these parameters occurs with postponement on 3 years in
average.

M-K trend test

The M-K trend test with 5% level of significance was
used for detection of the significance in long-term trends
of air and water temperature (Fig. 2). This significance
level means that there is a 5% probability that we make
a mistake if we reject the hypothesis HO (HO = There is
no trend in the series).

Table 2 summarizes results of the Mann-Kendal trend
test such as S, VAR(S), Z, p-value for each month in
seasons: November—January, February—April, May—
July, August—October.

Table 3 shows results of MK test for two seasons into
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which the year was divided: 1. from November to April
and 2. from May to October.

The results of the M-K analysis in the Fig.2 and
summarized in tables showed that there was no
significant trend in the majority of months using the 5%

significance level. The data analysis in this study shows
decreasing air temperature trends in January, May, July,
and September, the rest of the months have a rising trend.
The most significant trend at 5% significance level is in
July (negative) and in August (positive). The total mean
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Fig. 1.
2005-2019.

Table 2.
significance 5%

Time course of Mean monthly air and water temperatures in the period

Results of M-K trend analysis for mean monthly air and water temperatures,

Mann-Kendall trend test results

1. November—January  Air XI. Water XI. Air XI1. Water XII. Air I. Water 1.
Kendall's tau 0.134 0.181 0.077 0.162 -0.086 -0.314

S 14.000 19.000 8.000 17.000 -9.000 -33.000
VAR(S) 407.333 408.333 407.333 408.333 408.333 408.333
p-value (Two-tailed) 0.519 0.373 0.729 0.428 0.692 0.113

z 0.644 0.891 0.347 0.792 -0.396 -1.584

1. February-April Air 11. Water II. Air Il1. Water I1l.  Air IV. Water IV.
Kendall's tau 0.191 -0.077 0.183 0.105 0.048 0.067

S 20.000 -8.000 19.000 11.000 5.000 7.000
VAR(S) 407.333 407.333 406.333 408.333 408.333 408.333
p-value (Two-tailed) 0.346 0.729 0.372 0.621 0.843 0.767

z 0.941 -0.347 0.893 0.495 0.198 0.297

2. May-July Air V. Water V. Air V1. Water VI.  Air VII. Water VII.
Kendall's tau -0.162 -0.086 0.287 -0.067 -0.387 -0.010

S -17.000 -9.000 30.000 -7.000 -40.000 -1.000
VAR(S) 408.333 408.333 407.333 408.333 404.667 408.333
p-value (Two-tailed) 0.428 0.692 0.151 0.767 0.053 1.000

z -0.792 -0.396 1.437 -0.297 -1.939 0.000

2. August—October Air VIIl.  Water VIII.  Air IX. Water IX. Air X. Water X.
Kendall's tau 0.314 -0.257 -0.219 -0.276 0.115 -0.181

S 33.000 -27.000 -23.000 -29.000 12.000 -19.000
VAR(S) 408.333 408.333 408.333 408.333 407.333 408.333
p-value (Two-tailed) 0.113 0.198 0.276 0.166 0.586 0.373

z 1.584 -1.287 -1.089 -1.386 0.545 -0.891
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monthly air temperature for the period 2005-2019 shows
a temperature increasing by 0.57°C.

In the case of water temperature the situation is very
similar. Analysis of month data shows that there was no
significant trend in the majority of months using the 5%
significance level. Increasing trend occurs in March,
April, November and December, in July no trend exists
and in the rest months there are decreasing trends for
the research period. The most significant trend at 5%
significance level is in January (negative) and in
November (positive). Total rise of water temperature is
0.33°C/period.

M-K trend test results for two different seasons of
the year show that in the period November—April (could
be named as a winter period) the more significant trend
exists for air temperature with positive value. On
the other side, for the period May—October (could be
named as a summer period) the more significant trend
occures for water temperature with negative value.
According to the Report on the state of the environment
of the Slovak Republic (2017), since 1951 the annual air
temperature in Liptovsky Hradok (640 m above sea level
—a.s.l.) represents a statistically significant upward trend
in the linear trend until 2017 (an increase of 2.0°C).
Liptovsky Hradok is located at a similar altitude as
Turcek, so it is presented here to compare what trends in
air temperature are in similar localities.

In the study made by Ceppi et al. (2012), where the trend
analysis of air temperatures in Switzerland from 1959 to
2008 was desribed, all seasonal trends are positive and
mostly significant with an annual average warming rate
of 0.35°C/decade (~1.6 times the northern hemispheric

warming rate), ranging from 0.17°C in autumn to
0.48°C/decade in summer. Altitude-dependent trends are
found in autumn and early winter where the trends are
stronger at low altitudes (<800 ma.s.l.), and in spring
where slightly stronger trends are found at altitudes close
to the snow line.

Ohmura (2012) points to temperature trends in different
regions of the Earth, for example trends 0.37°C/decade at
Choibalsan (Mongolia, 747 m a.s.l.) for last 40 years
(1970-2010) for comparison in our case the air
temperature rises by 0.57°C in 15 years as our values are
not affected by older values when the air temperature was
lower, 0.09°C/decade for Hami (China, 739 m a.s.l.) for
period 1959-2005, these data are used as an example of
the globally rising trend of air temperature at a similar
altitude as Turcek. Summing up the analyses of the 18
groups of stations in 10 regions, there is a general
tendency that the amplitude of climate change is larger at
high altitudes in comparison with low lands.

Bacova Mitkova and Halmova (2021) used Mann-
Kendall's analysis on hydrological and climatic
indicators in the Vah river basin. Their results show an
increasing trend of air temperature for Liptovsky Hradok.
According to their results, the trend of rising air
temperature from 2005-2014 is around 0.25°C, but it is
necessary to add that it is valid for the period of analysis
from1951 to 2014. Although our research period is 2005—
2019, our results show the upward trend, too. Also
according to a report from Enviroportal (2016), the air
temperature in Liptovsky Hradok increased by 0.3°C in
the period 2005-2015. On the other hand, annual air
temperature data from the meteorological station Liesek

Table 3. Results of M-K trend analysis for significance 5%
M-K trend test results for 2 periods XI.-1V., V.-X.
periods November-April May-October
temperatures Air Water Air Water
Kendall's tau 0.200 -0.010 0.105 -0.257
S 21.000 -1.000 11.000 -27.000
z 0.989744 0 0.494872 -1.28667
VAR(S) 408.333 408.333 408.333 408.333
p-value (Two-tailed) 0.322 1.000 0.621 0.198
M-K trend test for January - mean M-K trend test for January - mean
monthly Air Temperatures monthly Water Temperatures
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(692 m a.s.l.) show a rising temperature trend of 0.98°C
for the period 2006-2019 and for the station Poprad—
Ganovce (694 ma.s.l.) air temperature trend increases by
0.8°C for the period 2011-2020. According to data from
these 2 meteorological stations, we can see from
the trends that average air temperature in Turcek is lower.

Conclusion

The overall trend for water and air temperature is rising
during studied period. As we can see in various studies in
various parts of the world with a similar altitude as
the Turéek locality, air temperatures are rising in general
although some months have decreasing trends. More
significance levels should be used for more telling
results, because no significant trend was received at
the 5% significance level. Each calculated p-value was
greater than the significance value alpha, which means
that we cannot reject the null hypothesis that there is no
trend in the data. Air temperature increased by 0.57°C
during the study period 2005-2019.
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Improvement of design parameters of the sediment reservoirs
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Sediment reservoirs (SR) are an important part of the irrigation systems, and their construction and operation are resource
intensive. At present, such facilities are constructed on water structures mainly to deposit sediments in water by slowing
down the flow rate. The design form of the SR is frequently rectangular which makes it difficult to control
the sedimentation process by sediment fractions along the length of the flow. Based on the results of the theoretical
analyses and field experiments, the design parameters of the SR were improved, and a computational method of sediment
distribution developed. A new design of the SR, which allows separating the sediments by fractions has been proposed.
In the developed SR, muddy water flows into a special reservoir that reduces the flow velocity, and the sediments are
separated by fractions along the length of the cross-section, the width of which increases onwards. Large fractions are
deposited by the SR itself and are removed from the facility through the sedimentation gallery. Water flowing through
the regulated water-releasing gate equals 5% of the water inflowing to the SR.

KEY WORDS: sediment reservoir, sediment trap model, rate of sediment removal, irrigation

Introduction

In times of high pressure on agriculture and water
resources sectors are the raising efficiency of irrigation
systems and land reclamation facilities, ensuring reliable
operation, modernizing and reducing operational costs
highly necessary. Positive solution of these problems is
closely connected with sustainable use of water resources
and improvement of land reclamation (Arifjanov et al.,
2019a; Arifjanov et al., 2019d).

Finding integrated solutions to the abovementioned
issues requires the study and management of
a sedimentation regime in streams and rivers, thus
promoting the efficient use of canals, waterwork
facilities, reservoirs and river networks itself. It will also
provide a basis for the development of scientifically
sound measures that will protect the irrigation canals
from sedimentation and allows using the sediments as
mineral fertilizers (Arifjanov et al., 2019d; Arifjanov et
al., 2019b). Studying hydraulics of the flow and
movement of sediments in the sediment-regulating
structures in the rivers of Uzbekistan (sediment traps,
waterwork facilities, canals and hydraulic structures in
the headwater locations) will be the basis for
the determination of the parameters of the hydraulic
structures and provision of their optimal operation
(Arifjanov et al., 2019a; Arifjanov et al., 2019d;
Arifjanov et al., 2019b).

Sediment accumulation highly influence the compre-
hensive benefits of reservoirs and benefits gained from

the water structures related to them (Liu et al., 2018; Tan
et al., 2019; Moris, 2020). Therefore, sediment trapping
by sediment traps has a high priority in the world because
it has significant consequences for downstream structures
used for irrigation, municipal water supply and
hydropower purposes (Kondolf et al., 2014). Damages
caused by sedimentation are:

e the sedimentation of canals and reducing their
carrying capacity by 70-80%;

e accumulation of sediments at the intersection of
the hydraulic ~ structures ~ complicates  water
distribution and operation;

e sediments passing through turbines and pumps
damage blades, reduce functioning efficiency and
their life cycle;

e accumulation of sediments in reservoirs reduces
water accumulation capacity and shortens their life
cycle;

e sedimentation complicates the design of water
structures and increases construction costs (Kondolf
et al., 2014; Arifjanov et al., 2019a; Fatxulloev and
Gafarova, 2019).

The sediment trapping structures preserve hydraulic
facilities, main and distribution irrigation canals from
sedimentation. Volume of the sediments deposited before
the canals, their composition, characteristics of
the irrigation canals and hydraulic machines, and other
conditions determine the strategy of coping with
sedimentation. Typically, large sediments are removed
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from the upstream sections of the waterworks and
suspended fine particles flow downstream (Arifjanov et
al., 2019c; Jurik et al., 2019). The presence of large-size
sediments in river water poses serious problems to
the hydraulic engineering facilities and has a significant
negative impact on water management in the operation of
hydraulic structures and irrigation systems. Data analyses
show that the volume of sediments within the large and

small irrigation systems during a year is 80 mil md,

Considerable amounts of money, labour and material are

spending each year to remove these sediments from

irrigation systems (Jurik et al.,, 2019). Therefore,
the study of sediment dynamics is of great economic
importance.

It is often not advisable to extract out all accumulated

sediments of all fractions from water. In cases when

sediments are completely removed, the canals will be
deepened, i.e., they are deformed and will be saturated
again with water and sediments. Excessive removal of
sediments can also be harmful: sunlight heats the bottom
of the canal, enabling plants to grow and hence, the canal
capacity is reduced. Excessively de-sedimented water in
mountain rivers and large reservoirs can cause soil

erosion in the irrigated lands (Zhang et al., 2016;

Fatxulloev and Gafarova, 2019).

The function of the sedimentation facilities like sediment

traps (ST) is to deposit excessive sediments in the water

courses and to transfer the remaining suspended solids
within the saturation boundary to the distribution canals.

Such ST are located at the head of the system or used at

selected places of network with high number of

distributed sediments. Their location and construction
also depend on the composition of the particles and

the turbidity of the flow (Lu et al., 2019; Jian et al., 2020;

Yakovlev et al., 2020). On the other hand, Wang and

Kondolf (2014) mentioned that in areas of high sediment

yield, sustainable solutions to reservoir sedimentation

must focus on passing sediment downstream, not
trapping it due to the cost of building and maintaining
upstream structures.

By the principle of design and operation,

the sedimentation facilities are classified according to

the following main criteria (Kondolf et al., 2014; Jurik

etal., 2019; Moris, 2020):

e by sedimentation removal method — mechanical
excavation, hydraulic flushing and mixing;

e by a mode of hydraulic flushing — periodic and
continuous flushing;

e by location - structures on main canal, dispersed
headwater structures, non-structural measures;

e by a number of chambers — single chamber, double
chamber and multi-chamber;

e by functions of the water management system —
energy production, irrigation and municipal water
supply;

e by the flow mode in flow chambers — by a linear flow,
a transverse circulation.

Sediment traps are installed to protect the main and
distribution canals from excessive sediments. The choice
of the design of these ST is technically and economically

complex. It is designed within the entire complex of
water intake structures. Sediments deposited in the ST
inside the irrigation canal network are often mechanically
removed by machinery. Nowadays, the method of hydro
mechanization has become popular. Hydraulic flushing
of sediments is relatively rare due to the difference in
water levels in the sedimentation facilities and water
courses, and due to the difficulty in generating velocities
during sediment flushing.

The grain size of sediment particles tends to decrease
along the water flow direction, and in the inlet part of
areservoir higher volume of sediments are deposited
than in the outlet part (Bak and Dabkowski, 2013; Jing,
et al., 2013). The ST inside irrigation canal networks is
designed for the deposition of fine particles, which
account for a large portion of the total flow (up to 70%).
The saturated suspended fine sediments are typical for
flat sections of the river. The Amu Darya River is an
example of a water course filled with fine sediments.
Fractions of less than 0.01 mm in this river flow
constitute 55%, while fractions between 0.1 and 0.05 mm
are on average from 26 to 27%, respectively. The number
of fractions greater than 0.25 mm are less than 2%. This
distribution of suspended sediment fractions is
characteristic for the main and distribution irrigation
canals, where large particles are deposited due to
the installed sedimentation facilities at the headworks
(Arifjanov et al., 2019a; Arifjanov et al., 2019d;
Arifjanov et al., 2019b). Small-fraction sediments are
very useful for irrigated soils as a source of mineral
fertilizers (Julien, 2018) and diverting sediment-laden
water onto agricultural land to permit deposition of
suspended sediments can improve soil fertility (Kondolf
etal., 2014).

The reservoir or sediment trap geometry or using an
internal or structural barriers can maximize the hydraulic
short-circuiting of sediment-laden inflows (Moris, 2020).
Therefore, we present a model for periodic flushing of
sediments in the reservoir and a developed method of
estimating sediment distribution fractions in the proposed
model. The newly proposed constant-periodic sediment
flushing model depends on the protection of irrigation
canals from sedimentation, and from the proper selection
of the type and size of the installed sedimentation facility.

Materials and methods

Based on theoretical and field research, a new design of
a constant-periodic sediment flushing reservoir was
proposed. Currently, commonly used periodic sediment
flushing facilities have various designs; flushing of
precipitated sediments in these facilities is as follows:
when one of the storage areas becomes full, large
particles begin to leak into the canal, an entrance gate in
the reservoir is closed, and holes beneath the gate will
open. Their widths should only account for the sediment
flushing capacity. The amount of water in the flushing
area is reduced after opening the gate. The sediments
deposited at the bottom pass to the sedimentary gallery
and further downstream to the lower part of the canal (Lu
etal., 2019).
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There are also single-chamber facilities connected with
canals, the bottom of which is trapezoidal and attached to
each other by a large base, the point of the connection is
the threshold, and the bottom area is rectangular (Zhang
et al, 2016; Fatxulloev and Gafarova, 2019).
The disadvantage of these sedimentation facilities is
the difficulty in cleaning sediment deposited in their
chambers (Fatxulloev and Gafarova, 2019).

In the first case the sedimentation facility has
a permanent cross-section, with no fractional deposition
of sediments, and the periodic flushing mode disrupts
water supply. In the second case, no sedimentation
gallery exists, but fractional sedimentation is controlled.
Many years of observations of various sedimentation
facilities (in Karshi, Termez, Kuyganyar, etc.) have
shown that sedimentation occurs mainly at the beginning
section of the facility by increasing the transverse cross-
sectional surface of the flow (Arifjanov et al., 2019c;
Arifjanov et al., 2019d).

However, such a process of sediment deposition along
the length of the stream would cause it to lose its ability
to control sedimentation by fractions. It can hence be
used on irrigated areas but complicates the transport of
suspended sediments containing valuable mineral
fertilizers. The following design of the constructions are
proposed for self- flushing of sediments and for control
of fractional deposition and flushing off river sediments.
The bottom of the sediment removal reservoir (2) is
trapezoidal, constructed at the angle bottom (Fig. 1),
the other two parts are made horizontally, with
athreshold and a vertical control gate. The size of
the gate openings (4) and (5) is determined by the amount
of water supplied to the canal and is intended to move
the sediments into the sediment gallery (3). The vertical
gate (4) is controlled by an automatic device.

The facility operates as follows: the sediments move

through entry canal (1) into the sedimentation reservoir
(2), where turbulent movement occurs due to trapezoidal
cross-section with separation into fractions. Large
fractions of suspended particles settle in the reservoir,
while fine-grained sediment particles flow through
outflow canal (6) into the second part of the reservoir.
During the operation of the sedimentation reservoir, once
the reservoir is filled with sediments, the sediments are
thrown into the gallery (3) by opening of a vertical
steering gate (4).

The controlled cross-section of the gate is determined
based on the water flow. Accordingly, the gate that
provides an intensive removal of sediments deposited on
cross-section in a vertically controlled gate into
a sedimentation gallery creates a downstream flow
process. Volume of water through controlled cross-
section of the gate (Q) equals to 5% of water intake at
the head part of the sediment reservoir (Q1):

Q=10.05-0; )

This allows the velocity (v) of the water to be greater than
the rate of flushing out of the sediments (v):

v >> v (2)
Water velocity is determined as follows:

)
v=1 (3

where

Q - discharge through the controlled gate [m® s7],
Q: — discharge into the reservoir [m®s?],

A —cross-section area of gate opening [m?]: A = bh,
b — width of gate opening [m],

h — height of gate opening [m].
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Fig. 1.

One-chamber scheme of periodic sediment flushing facility; 1 — entry canal, 2

—sediment reservoir, 3 — flushing gallery, 4 — gate into the sediment gallery, 5 — sediment
passing canal to irrigated area, 6 — outflow canal.
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The value of the flushing velocity (v;) shall be
determined based on the recommendations provided in
the “Construction Standards and Regulations” (Building
Norms and Regulations, KMK 2.06.03-97). By
controlling (opening or closing) the vertical gate, it is
possible to achieve the regime required to remove
the accumulated sediments.

Base on the research conducted in a newly developed
sediment reservoir, a mathematical model of sediment
distribution along the length of the stream was
developed. Based on this model, the formula for
calculating the sediments along the stream flow is:

§=5, (%") exp {— %fox sin aA? dx} (4)

where

S —suspended sediments at the entrance to gallery
[kg m™],

So —suspended sediments at the entrance to reservoir
[kg m™],

Ao — corresponding cross-sectional area at the entrance
to reservoir [m?],

o  — parameter characterizing sediments in a stream [-],
which can be determined:

_ 39(pe=p) (do?
a= 2p¢ (d,_) (5)

where

pt — solid particle density [kg m=],

p  — fluid density [kg m™],

di — diameter of the sediment particles [m],

g - acceleration of free fall [m s?],

do - characteristic diameter of the sediment moving at
a rate equal to the flow velocity [m].

The advantage of the proposed equation (4) is that
the distribution of sediments along the flow length in
the equation (4) depends on the variation of the flow
hydraulic elements. This allows for a more detailed
description of the process.

The abovementioned equation (4) can be calculated by
dividing the turbidity distribution in the arbitrary cross-
section with a function of river (reservoir) length. In
particular cases, changes along the length of the river
cross-section (Ay) can be estimated as follows:

A, = Ay + 2tan BHL (6)

where

Ax — cross-section change [m?],

S —angular value of the river slope relative to
horizontal level [-],

H - average depth of flow [m],

L — length of river or reservoir [m].

To calculate the distribution of sediments along the flow
length in the extending cross-section, the expression (6)
is placed into the equation (4) and integrate to obtain
the following:

$=5, (%o) exp {— %i} @)

where
i —slope of the riverbed [-].

Results

Based on the research results, the model of a flexible
cross-section of the sedimentation reservoir was
constructed in the laboratory (Fig.1 and Fig. 2).
The model of the sedimentation reservoir is divided into
4 sections (A, B, C, D) along the length. The distribution
of sediment fractions was observed at each cross-
sectional site (Fig. 3), and changes of the flow depth were
measured (Table 1).

Depend on the above-developed equation (7),
calculations were performed for different sediment
particles and turbidity levels on the proposed model in
the laboratory conditions and applied for the conditions
of real sedimentation reservoir. The calculation results
for the laboratory model are presented in the Table 1 and
for the real reservoir in the Table 2. The calculation
presented in the Table 2 are based on the field research
made in Fergana valley and was calculated for the
parameters of the water intake system of the Sokh canal
which is tributary of Great Fergana canal. The rate of
sediment removal of particle sizes from 0.01 mm to
0.005 mm vary between 80-97% of the fractions in
the total sedimentation in both situations and obtained
the ability to keep most fractions in the range of 0.5-
0.1 mm in the sediment reservoir. It is possible to see that
less than 0.50 percent of this sediment comes out from
sediment reservoir. With increasing the tgg angle of
the proposed sediment reservoir model, the process of
fractional distribution of suspended sediments in the flow
structure will be possible. Based on this, it will be
possible to allow the sediments to remain large fractions
of suspended sediments larger than 0.1 mm and smaller
than 0.01 mm through the structure. The main purpose of
avoiding small fractions without holding them in
the sediment reservoir was found the presence of
microelements in their composition, which can increase
soil fertility. The obtained results indicate that it is
possible to achieve the desired sediment treatment mode
by considering the parameters of flow and river
sediments.

Water flow rate in the model was calculated based on
the measurement by Thomson weir. The sediment
movement and flow rates were calculated in each
selected flow section over time. The sediment
distribution in the selected flow sections is variable
(Fig. 2 and Fig. 3), and the sediments in the flow section
A did not settle considerably because of the high flow
velocity. The minimum flow velocity is in the flow
section C. Due to the changing cross-section in the flow
section D the water velocity increases, and the sediments
are flushed into the flushing gallery resulting in increased
efficiency of flushing of the sediments into a sediment
accumulating section. The variability of the cross-
section of sediment accumulating section causes sort
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Table 1. Sediment distribution in the sedimentation reservoir model
d do  dido Q b | H L tgp So S rate of
3 -1 -3 -3

[mm]  [mm] [cm®s?]  [em] em]  [em] kgm<1  kam<1  emoval
0.01 0.005 2.0 78.0 31.0 0.0001 1.2 180 0.1 2 1.96 0.97
0.01 0.005 2.0 78.0 31.0 0.0001 1.2 180 0.12 2 1.90 0.89
0.01 0.005 2.0 78.0 31.0 0.0001 1.2 180 0.15 2 1.60 0.80

0.5 0.1 5.0 78.0 31.0 0.0001 1.2 180 0.15 2 1.01 0.51

0.5 0.1 5.0 78.0 31.0 0.0001 1.2 180 0.12 2 0.997 0.50

0.5 0.1 5.0 78.0 31.0 0.0001 1.2 180 0.15 2 0.64 0.32

Table 2. Sediment distribution in the real sedimentation reservoir
d db  dilde b | H L tgp So s ate of
3 -1 -3 -3
[mm]  [mm] [m¥s?]  [m] [m] [m] kgm<1  TamT emoval
0.01 0.005 2.0 30.0 200.0 0.0001 2.0 400.0 0.1 4.0 3.80 0.95
0.01 0.005 2.0 30.0 200.0 0.0001 2.0 400.0 0.12 4.0 3.18 0.80
0.01 0.005 2.0 30.0 200.0 0.0001 2.0 400.0 0.15 4.0 2.92 0.73
0.5 0.1 5.0 30.0 200.0 0.0001 2.0 400.0 0.1 4.0 2.01 0.50
0.5 0.1 5.0 30.0 200.0 0.0001 2.0 400.0 0.12 4.0 1.80 0.45
0.5 0.1 5.0 30.0 200.0 0.0001 2.0 400.0 0.15 4.0 1.55 0.39
a b d

Fig. 2.

Laboratory model of the sediment reservoir in lateral view (above) and top
view (below).
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Fig. 3.  Distribution of sediments by cross-sections.

of sediments by diameter. This allows the small
sediments to flow out of the reservoir.

Conclusion

Theoretical and laboratory research results allowed
improving the constructive parameters of the sediment
management structures in rivers. The new design of
the sediment reservoirs, which allows separation of river
sediments into fractions has been developed. River
sediments can be separated by the sediment tank of
the new design into fractions, and small fractional
particles can be transferred into irrigation fields.

The mathematical model describing the sediment
distribution in the developed sediment tank model was
improved and a computational method developed.
A distinctive feature of this model is the description of
the sediment distribution in the stream depending on
sediment fractions. Based on the developed calculation
method it is possible to predict sedimentation process by
considering the uneven flow characteristics in
the sediment reservoirs constructed in the irrigation
canals. The turbidity distribution for the sediments of
different fractions is carried out in fractional order, and
the total turbidity is calculated by summing the total
sediment volume corresponding to the sediment
fractions.

Obtained results allow to conclude that constructing
sediment reservoir of variable cross-section allows
separating the sedimentation by their fractions. The
proposed calculations can be used in any hydraulic
facility, reservoirs included, where water purify from
river sediments is needed. It is recommended to be used
considering the hydraulic and hydrological parameters of
the canal under consideration.

The proposed design of the sedimentation reservoir has
been recognized by the Intellectual Property Agency as
a useful model Ne FAP 00927 (Arifjanov et al., 2014).
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Statistical analysis of soil water content differences after biochar application and
its repeated application during 2020 growing season

Justina VITKOVA”, Peter SURDA, Peter RONCAK, Natalia BOTKOVA, Anton ZVALA

Soil water content is an important factor influencing crop yield quantity and quality. Extreme meteorological events are
more frequent in our geographical conditions in last years and they affect soil water storage. Biochar is an organic material
and one of its properties is soil water holding for a longer time. This is one of great benefits during non-precipitation days.
Our study is focused on soil water content changes with biochar amendment in comparison to soil without biochar. In
addition, we analyzed biochar repeated application as well. It means addition another biochar dose into the soil where
the biochar had been applied previously. Our results confirmed positive effect of biochar application and repeated
application on soil water content. The soil water regime with biochar repeated application was the most stable in 2020 in

comparison to other variants of experiment.

KEY WORDS: biochar, repeated application, soil moisture, statistical analysis

Introduction

In current times of increasing weather extremes and
climate change, is difficult to ensure good-quality and
safe agricultural products. It is challenge not only for big
farmers, but also for individual persons who tried to grow
their own vegetables in good (bio) quality. Soil
fertilization is one of possibilities how to improve soil
physical and chemical properties and increase
an agricultural production. To improve soil properties are
used various organic materials, and biochar is one of
them. Biochar is carbon-rich porous material produced
from biomass by pyrolysis process, what means
thermochemical decomposition of organic material at
temperatures from 300°C to 1000°C with reduced access
of oxygen. The interest of researchers began to focus on
applications of burned organic waste into soil in the 80's
of the 20th century. They were inspired by Amazon area
(Lehmann and Joseph; 2015) where the soils called Terra
Preta were made by massive input of wood burnt (similar
to biochar). These soils have a high content of organic
material and retain a higher production potential than the
surrounding soils (Glaser et al., 2003). The soils
throughout the world contain specific amounts of biochar
as a result of natural events such as natural fires, paleo
fires (Kuzyakov et al., 2018) and land use history —
deforestation, pre-industrial charcoal kilns and
anthropogenic oven mounds (Kuzyakov et al., 2018;
Hardy et al.,, 2017). Biochar may alter the physical
properties of the soil, including increasing aeration and

water holding capacity of certain soils (Sohi, 2010). High
amounts of biochar added to soil affected soil wettability
that influenced soil water retention (Ojeda et al., 2015).
Biochar addition has been shown to improve plant
growth (Graber et al., 2010), but also stimulate soil
microbial activity (Smith et al., 2010). The agronomic
value of biochar mainly resides in its value as a fertilizer
and its ability to improve soil properties and increase
crop production (Subedi et al., 2017; Yu et al., 2019).

In Slovakia, we started with biochar experiment in field
condition in March of the 2014 and in the 2018 was
the same biochar repeatedly applied. The aim of this
paper was to evaluate the impact of the biochar
application and its repeated application on soil water
content of silt loam soil in surface layer during
the monitoring time period of the year 2020.

Material and methods

Our measurements were conducted at the experimental
area at Malanta site (Fig.1). This area belongs to
the Slovak University of Agriculture in Nitra, Slovakia.
The research site is located 5 km north-east of Nitra city
in the Nitra river basin where there is a deficit of soil
water available to plants due to dry years (Tarnik and
Leitmanova, 2017). The locality is 175 MASL and
the soil is classified as a silt loam with content of sand
15.2%, silt 59.9% and clay 24.9% (Simansky and Klimaj,
2017). Our measurements began in March 2014 when
certificated biochar was applied to the 0-15 cm soil
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depth. Basic biochar characteristics of used biochar are
shown in Table 1. A more detailed specification of
the experiment foundation was described by Vitkova and
Surda (2016) and partial results were published by e.g.
Brezianska and Hlavad¢ikova (2017), Hlavacikova et al.
(2016) or Domanova et al. (2015). The biochar was
produced from paper fibre sludge and grain husks in
aratio of 1:1 per weight, at a pyrolysis temperature of
550°C (Vitkova and Surda, 2016). In 2018, the original
plots with former biochar application were divided in
halves and the same biochar with the same dose was
repeatedly applied to one of these halves (Tokova et al.,
2020). In this paper, we focused on three variants: plots
with biochar dose of 20 t ha* applied in 2014 (B20 old),
plots with biochar dose of 20 t/ha repeatedly applied in
2018 (B20 new) and plots without biochar (Control).
Soil water content was measured by 5TM dielectric
sensors (Decagon Devices, USA); data was collected in
five minutes interval and stored using the EM 50 data
loggers. Two sensors were installed to the depth of 5-10
cm below the soil surface at two B20 old plots, two
sensors were installed in the same depth at two B20 new
plots and two sensors at two Control plots (four sensors
at each variant). We present an average value from all
sensors for each variant. The measurements were carried
out during the 2020 growing season and the cultivated
crop was pea (Pisum sativum L.). It was sown on March
20th, but our measurements began later. The monitoring
period lasted from April 24th to July 16th.

To better evaluate the effect of biochar application in
various soil moisture conditions, we have selected (based

Fig. 1.

Experimental area at Malanta site.

on the measured daily precipitation totals) a so-called dry
(4.7.2020-10.7.2020) and wet period (5.6.2020—
1.6.2020). Differences in group means of soil water
content during these periods at all variants of experiment
were then compared with each other and tested for
statistical significance.

Statistical analysis

Differences between the measured values of volumetric
water content (¢) estimated at different variants of
experiment were evaluated using single factor ANOVA
with Tukey’s Honest Significant Difference (HSD) post-
hoc test. The Tukey-Kramer method (also known as
Tukey’s HSD method) uses the Studentized Range
distribution to compute the adjustment to the critical
value. The Tukey-Kramer method achieves the exact
alpha level (and simultaneous confidence level (1 — «)) if
the group sample sizes are equal and is conservative if
the sample sizes are unequal. The statistical significance
in the analysis was defined at P < 0.05.

Results and discussion

Growing season in 2020 was well balanced with respect
to precipitation, and during the monitoring period was
observed dry period and also wet period. Average
courses of soil water content values in 5-10 cm depth at
plots Control, B20 old and B20 new in comparison to
daily precipitation totals are shown at Fig. 2. The lowest
values were measured at Control variant, but during

321



Acta Hydrologica Slovaca, Volume 22, No. 2, 2021, 320 — 325

Table 1. Biochar characteristics
C N H O pH(caciy) Ash SSA
[%] [%] [%] [%] [-] [%] [m?g!]
Biochar 53.1 1.4 1.84 5.3 8.8 38.3 21.7

(C —carbon, N — nitrogen, H — hydrogen, O — oxygen, pH determined by CaCl,, SSA — specific surface area)
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Fig. 2.  Courses of measured soil moisture values at plots with old biochar, new

biochar and without biochar (Control) during monitoring period.

the wet days were these values the highest. Opposite
situation was measured at B20 new variant, where during
days without precipitation were measured the highest
values of soil water content. Based on these results it can
be seen, that soil water content at B20 new variant was
the most stabile during the monitoring period. For plants
(globally, but also for pea grown in 2020) is not important
higher amount of soil moisture during wet days, but
higher amount of soil moisture during days without
precipitations. Soil water content was higher at plots with
biochar during dry days of monitoring period, so we can
conclude that biochar application had a positive effect on
soil water content. Aydin et al. (2020) observed
the positive effect of biochar on the alternation of crop
yields in the third and fourth year after biochar
application into Haplic Luvisol soil, but it also depended
significantly on the climatic conditions in the individual
year. Higher positive effect of biochar repeated
application (B20 new) on crop yield could be also
observed during our monitoring period, but our study was
not focused on it.

According to values of § at B20 old, B20 new and
Control variants of experiment measured during
the whole monitoring period, we can state that both
minimal (0.101) and maximal (0.427) value of & were
measured at Control plot. As a positive effect of
the biochar application we can indicate that at B20 old,
resp. B20 new the value of min. did not decrease below
0.124 resp. 0.153. Group means of & for whole
monitoring period increased in order Control < B20 old
<B20 new (Fig.3a) with statistically significant
differences between all variants of experiment (Table 2).
During dry period, we found statistically significant
differences between all variants of experiment (Table 2)
and group means of @ increased in the same order as
during the whole monitoring period (Fig. 3b). During
the wet period we did not found significant difference
between the Control and B20 old variant (Fig. 3c);
significantly different were B20 new and the remaining
two variants. Slightly higher mean value of 6 was
measured on B20 new variant, than on the B20 old and
Control.

322



Vitkova, J. et al.: Statistical analysis of soil water content differences after biochar application and its...

0.5 1
0.4 1 I
0.3

; - -

0.1

Soil water content [-]

Control B20 old B20 new

0.22 4

0.20

0.18
0.16 4

Soil water content [-]

0.14 -

0.12 T : .
b) Control B20 old B20 new

0.35
0.30
0.25 1

0.20

Soil water content [-]

0.15 4

0.10 T . T
Control B20 old B20 new

c)

Fig. 3. Box plots with measured values of 6 during a) whole monitoring period, b) dry
period and c) wet period at Control, B20 old and B20 new variants.
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Table 2. Measured values of volumetric soil water content, @min. — minimal value of 6,

Omax. — maximal value of 6, @mean (+ their standard deviation) — arithmetic

mean of # values measured during monitoring period, dry (% their standard

deviation) arithmetic mean of @ values measured during dry period 4.7.2020-

10.7.2020 and during wet period 5.6.2020-11.6.2020 (#wet); Arithmetic means

with the same letter are not significantly different from each other (Tukey’s

HSD test, P < 0.05).
Plot Omin. Omax. Omean Odry Owet

[-] [-] [-] [-] [-]
(N=24023) (N=24023) (N=24023) (N=2016) (N=2016)
Control 0.101 0.427 0.161 £0.05192 0.149 £ 0.0070*  0.216 £0.03542
B20 old 0.124 0.400 0.180 + 0.0398 0.166 + 0.0090°  0.217 = 0.02062
B20 new 0.153 0.342 0.195 £0.0297° 0.187 £ 0.0060°  0.230 +0.0183°
Conclusion Graber, E. R., Harel, Y. M., Kolton, M., Cytryn, E., Silber, A.,

The application of organic material into the soil has been
used for several centuries. In last decades, the interest of
scientists has been focused on biochar. Its application
into soil can improve its structure and quality thereby
also having a positive effect on the crop quantity and
quality. Statistically significant differences between all
variants of experiment were measured especially during
dry period. Repeated application of biochar (B20 new)
increased the soil water content at 4% vol. in comparison
to Control variant. During the wet period was
the different between B20 new and Control variants only
1% vol. It was statistically confirmed that soil water
regime was the most stable at B20 new variant (range of
values 18.9% vol.) in comparison to B20 old (range of
values 27.6% vol.) or Control (range of values 32.6%
vol.), respectively. The results of our research at field
conditions show that the application of biochar in the soil
is very important, especially during dry days.
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