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MONITORING AND INVESTIGATION OF INTERMITTENT RIVERS IN
BULGARIA

PlamenNinov, Tzviatka Karagiozova
National Institute of Meteorology and Hydrology (NIMH)
Corresponding author: Plamen Ninov, NIMH, Sofia 1784 Tzarigradsko shosse 66,
plamen.ninov@meteo.bg

ABSTRACT

River flows could be defined according to their surface hydrologic stream duration as either perennial or
temporary. Normally perennial streams flow throughout the year, while temporary streams lack surface flow for some
periods of the year. Temporary streams aresiflad as intermittent or ephemeral. Intermittent streams flow in some
periods as result of snowmelt and eventually elevated groundwater tables during the periods of increased precipitation
Intermittent streams are poorly represented in existing riveritoring programs in Bulgaria and seldom are objects of
regular monitoring. Only in several gauging stations exist hydrological time series. Furthermore, intermittent and
ephemeral streams are not adequately protected by current legislation and managretegies in Bulgaria and
generally are neglected.

The authors discuss the climatic, hydrological and soil conditions in different part of the country as the major
factors determining their origin and distribution. Covering the whole territory of Bultigriauthors identify four main
types of intermittent streams as: 1) intermittent flows as result of Mediterranean climatic impact located in the southerr
part of the country; 2) sinking intermittent flows as result of specific geological and soil chiat@ste3) intermittent
flows in large karst and loess areas and finally 4) the sinking flows in alluvium depositions mainly along the large
mainstreams. Nevertheless, the limited number of gauging stations built up at these rivers some hydrolagiatibinfor
is collected and statistical results are presented as duration curves of temporal rivers, hydrographs with season
characteristics etc.

Intermittent streams have a hydrologic flow regime with very specific characteristics that place themds intera
between land and water. Unfortunately, in Bulgaria there are poorly mapped, recognized, and protected but they have
critical influence on the ecological health of networks. There exists a strong need for new approaches to scientifically
study, the strcture and function of temporal streams. The construction of monitoring network for the regular registration
of their hydrological regime is surely the first required step for their future detailed ingestions, use and protection.

Keywords: intermittent rivers, mapping, regime, hydrology

INTRODUCTION

The interest in the drying rivers due to climate change and ecological importance, as well as
the lack of water, increases worldwidgofd et al., 2008 Skoulikidis et al., 2017 Snelderet al.,

2013. The intemittent rivers have always been underestimated, including in Bulgaria. Currently the
increased European interest is expressed in a special European proje@@&ledction Ca 15113
Science and Management of Intermittent Rivers & Ephemeral Streams ESYIM&th the
participation of National Institute of Meteorology and Hydrology seeking to summarize our
knowledge of these rivers including from hydrological point of viesauguett al., 2019Datry et

al., 2019. The present materimummarizes the first results in Bulgaria combining the statistical
processing of historic time series and field surveys along drying streams in the frame of different
projects in the past.

Understanding therying river is a basis for further understandofgthe ecohydrological
processes of the river basins an@d &rongindicator of climate changen the regions. We should
not underestimate the value of these rivers in conditions of water deficit. Understandilogvthe
intermittence in the regions anecessargtepfor effective water resourcesanagement.

Temporary streams represent a significant and particularly vulnerable portion of river
networks While the vast majority of stream and river research to date has focused on flowing waters
recent vork reveals that temporary streams are not only abundant and widely distributed, but alsc
play a significant role in the hydrological and ecological integrity of netw@ikibault at al., 20109
Defining temporary streams and their hydrology and highhgtheir abundance and extent, we can
consider and assess the ecological significance of temporary streams, including their role as faun
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and floral habitat providers, biogeochemical processors, and connectivity corridors within river
networks.

Intermittent streams are poorly represented in existing river monitoring programs because
most sites located on higherder perennial streanf$hibault at al., 2010

METHODS AND DATA (STUDY AREA)

The river runoff on the territory of Bulgaria iesrmed under the influence of three climatic
zones - temperate continental; transitior@ntinental; continenté¥lediterranean; as well
orohydrographic, geological and hydrogeological characteristics of the catchments. Cases of dryin:
up of individual rivers or river segments have been registered or observed in all three climatic zone:s
of the country. Unfortunate)yuntil now there is no comprehensive survey and systematization of
information on the drying up of rivers in Bulgaria. The presewntstigationis the firstone inthe
countrybasedon availableinformation from gauging statiorandfield surveysalongrivers within
differentprojects in the pasin this sense, the study has no claim to cover all rivers in Bulgaria which
dry up dueto the relatively low density of the regular monitoring network and sporadic additional
field trips. Nevertheless, the most significant river catchments and dry river regions are covered. The
study area is a whole territory of Bulgaria.

The investigatiorhas three objectives: 1) characterizing the spatial distribution of the drying
rivers on the territory of Bulgaria; 2) study of the genesis of drying of the main types of drying rivers;
3) frequency of occurrence and duration of the phenomenon over tise yea

The survey is based on historical time series of the daily flows from the State hydrometric
network on the territory of the countr216 gauging stations (200 among them active at present and
16 temporally closed the last years). The referent pefiow/estigation covers 37 years from 1981
to 2017. The accepted period includes a-\oater phase registered on the territory of the country
19812000 and a phase with a trend of increasing flows -200%. In addition, field survey research
informationwas used to clarify rivers without regular measurements. The criteria for the selection of
drying rivers were adopted by the Working Group 1 of project Science and Management of
Intermittent Rivers & Ephemeral Streams (SMIRES) in 2@auQueet al., 2019Datryet al.,2019.
According to them, intermittent rivers should meet the following criteria: a) at least one event with
discharge lower or equal to one liter per second for daily data; b) for weekly data seven consecutiv
days (i.e. one recoraith this discharge value; c) for monthilyone month; the minimum time series
length is 10 years, with less than 5% of missing days.

The 37 years period of investigation (198117) meets the above criteria for all active
stations.Among the sixteen clesl gauging stations with interrupted regular measurements, seven
are situated on drying rivers. Only for those seven stations in the statistical processing, the number
years is reduced to the year of closuB&tistical processing of hydrological serier all the rest
gauging stations with registered drying flow has been carried out for the whole period. The total
number of gauging stations with registered Zbow days is 42 (among them: 38 stations with
numerous registered zeflow days in the stiied period and 4 with accidently registered ziévw
days)i Table 1 below.

Among the characteristics of zeflow periods revealed and presented in Table 1rares
the total number oflays with zereflow, & is the fraction okzeroflow years which ighe number of
years with zerdlow divided by the totahumber of yearanais the mean annualumber of zero
flow days which is theotal number of zerflow days dividedoy the number of yearmax days-
maximumnumber days zerflows in the one year for the periadjn days- minimum number days
zeroflows in the one year for the periadgan days mean number days zeflows in the one year
for the periodC, -coefficient of variation of the days with zeflow. These characteristicsflect the
frequency and the amplitude of change of Zws in thestudied period.
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RESULTS AND DISCUSSION

As a result of both field surveys and statistical processing of the hydrological historical series
at the monitoring stations, four major regions were identified with drying rivers meeting the
aforementioned criteria. The specific type of drying riversiiesen identified in the next regions
the Eastern Rhodopi and Sakar Mountain; the southern parts of the catchment area of the Strun
River; the Southern Black Sea area and Dobrudja region. These regions are presented and display
on the map with their ggraphical location on the territory of Bulgarikig. 1.

The runoff in these rivers is characterized by periods of complete drying up with varying
frequency of occurrence over the years. With the exception of Dobrudja region, the runoff of these
riversis shaped under the influence of the Mediterranean climate.

19

Fig. 1 Geographical distribution of drying rivers:

[1]- Dobrudja sinking rivers region; [25outhern Black sea region;
[3]- Eastern Rodopi region and Sakar;-[8jruma watershed region

1. Dobrudja sinking rivers region [1]

The Dobrudja rivers flow into the Dobrudja Plateau and parts of the Ludogorie area in wide
or canyonshaped river valleys. Humidity, cloudiness and rainfall in the region are less due to the
very speci fico Awhaiicnhf ad h a rsahcatdeorwi zes and di st
characterized by a small outflow coefficient of rainfall, one of the lowest determined on the territory
of Bulgariai only 2%.

In the region of Dobrudja and Ludogorie are distributed maiatipanate rocks (limestones
with lower Cretaceous and Neogene age). These rocks form three main ground athef&talm
Valange, BarremApt and Neogene (Sarmatian). Surface runoff is submerged in the all three horizons.
Dobrudja area is characterized bggligible surface runoff and very large karst groundwater
resources. The low rainfall and karst character of the area limits the surface runoff after prolonge
heavy rainfall. Characteristic of the Dobrodzha rivers is the absence of a true estuarysisatamer
groundwater feeding; truncated or unformed shallow river beds. The rivers are dry, with mainly
ground feeding and most often large catchments with an altitude of less than 300 m.
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Kanakiol river | Senkobetz river

2. Southern BlaclSearegion [2]

The rivers in the Southern Black Sesgion form their runoff under the influence of the
Mediterranean climate but with specific features of the Black Sea area.

The region is characterized by diverse geology. The northern part of the area is dominated b
sedimentary rocks of Cretaceous, Paleogene and Neogene age. To the south, the terrains in t
catchment areas of the small and medsined Black Sea rivers are made up mainly of silicate rocks
(upper Cretaceous volcanics): andesite, tuff, tuffite; asclalk, sands, poorly soldered sandstones,
marls, conglomerates and limestones.

Most of the region is characterized by the lack of significant aquifers. The specific Black Sea
climatic influence and the lack of significant ground feeding are the main gdctothe seasonal
drying up of rivers in the region. The Southern Blacki®@g#on is characterized by low water content
with low runoff (11%). Typical for the region is the great diversity in the annual runoff distribution,
which is strongly influencedybthe nature of rainfall and their distribution over the years. There are
years of prolonged drought due to low rainfall, as well as years of prolonged rainfall and significant
river runoff that means the interannual flow distribution varies very much.ig Hiustrated in Figure
2 for the Fakia River.

Otmanliriver Ahelojriver Sredetzkaiver

3. Eastern Rodopi and Sakar Mountains region [3]

The region covers the catchments of the rivers originating in the southeastern and northeastel
part ofthe Rhodopi, Sakar and part of the southernmost tributaries of the Tundja River with springs
in the Strandja Mountain.

A specific river type for this region are the sMiediterranean small and meditsized rivers,
characteristic of alributaries of the Arda River flowing into the section from the Kardzhali Reservoir
to the border. The right tributaries of the Arddarbitsa and Krumovitsa Rivers are the special and
very typical case of the suMediterranean mountain rivers, characted by rapid outflow
concentration, formation of extreme high waves and severe shallow water afteRigar8l During
periods of low water these rivers are in process of drying up or are in a state of entirely dry river bed:s
The specificity of the rivetypes in the valley of the Arda River (main streamflow in the region) is
determined by the morphostructure of the relief of the Arda valley (strongly indented by valley
extensions) and the climatic characteristics with strong Mediterranean impacts.

9
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o 2008 -2010 1985-1987
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[= O xa
Fig. 2 Hydrograph of Fakijska river - Fig. 3 Hydrograph of Varbitza river -
Mediterranean impact in the Black Sea Mediterranean ImpaCt in the mountain area,
area- Region 2 Eastern Rodopi region and Sakar Region 3

The catchment areas acemposed mainly of silicate (magma and metamorphic) rocks:
southern Bulgarian granites, gneisses, shales, rhyolites, etc. The specified rock formations lack tt
conditions for the formation of significant resources from groundwater type cracks. In gareasi,
with the distribution of these rock formations are estimated to be poorly waterlogged. The
Mediterranean climate, the lack of significant aquifers and the natural drainage of the terrain are th
main factors for the observed seasonal dryness of thess and their torrential character.

The small left tributaries of the Maritza River, originating from the Sakar Mountains, are also
attached to this region.

Biala reka river Hambar dere river

4. Struma watershed region [4]

Mediterranean influence on runoff formation (Contine&diterranean climatic region)
covers the middle reaches of the Struma River, where drying, mostly small left and right tributaries
havebeen observed, for example as the Lisiyska River, the Kamenitza River, the Zlina River, the
Sedelska River, Rybnik, Sklavska River and more.

The catchment areas are composed mainly of silicate (magma and metamorphic) rocks
southern Bulgarian granites, geses, shales, rhyolites, etc. In the mentioned rock formations, there
are no conditions for the formation of significant resources from groundwater type in the cracks.
Generally, areas with the distribution of these rock formations are estimated talgevaderlogged.

The Mediterranean climate, the lack of significant aquifers and the natural drainage of the terrain ar
the main factors for the observed seasonal drying up of these rivers and the torrential nature of son
of them, such as the Potoka Riaad others (look at photos below).

10
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Suha reka river Ri bni k ri Voitcha river

The reasons for the drying up of the rivers in the four identified regions have different genesis.
The regions located in the eastern part of the Rhddopntains and the catchment area of the Struma
river are exposed to the Mediterranean climate, which is reflected in hot and dry summers with little
rainfall and prolonged drought. In the southern Black Sea region and the Strandja Mountains, ther
is a mixed influence of the Mediterranean climate and the specific influence of the Black Sea,
characterized by wet winters and autumns and drier spring and summer. The genesis of the drying
of the rivers in Dobrogea is quite different. The main reason isablegjcal structure of the area
and the sinking of the rivers in quaternary alluvial and diluvial deposits in the karst region. An acute
continental climate with prolonged summer droughts is another important factor.

The following statistical characteristics are presented in the annexed Tiablei4 the total
number of days with zeffbow, a is the fraction of zerdlow years which is the numbef years with
zeroflow divided by the totahumber of yearsmais the mean annualumber of zerdlow days
which is thetotal number of zerflow days dividedoy the number of yearmax days maximum
number days zerflows in the one year for the periadjn daysi minimumnumber days zerflows
in the one year for the periothean day§ mean number days zeflows in the one year for the
period, Cy T coefficient of variation of the days with zeflow. The statistical characteristics in
guestion cannot be considered as ddinly representativdor the regions since they only cover
information from observed rivers. There are drying rivers that are not coveregusgr hydrological
monitoring or fieldobservations. Nevertheless, the information presented below is indiatithe
nature of the drying process in Bulgariavers

On average per year, during the investigated period, the number of days witlowedays
varies widely from 1 day to 200 days, with the smallest amplitude in Regidmo# 4 to 23 days
(Table 1). The annual registration (each year) of z#owv days is observed only in the Eastern
Rhodopi region, which as noted above, is characterized by sudden high waves followed by lon
periods of drought and the impact of Mediterranean climate is s.

In all other regions, there are no annual (or almost every year) entirely dry beds. They vary
for different rivers, with the less frequent occurrences being recorded in the rivers in the catchmen
area of the Struma Rivehlso, in this region, dry riverare only medium and small tributaries of the
mainstream but never Struma River itself. They do not form distinetegibns but are scattered
along the main river, mainly in its middle reachgsually they come from a lower altitude.

The Table 1 alsol®ws the maximum, average and minimum number of days of drying for
the considered periodNo regularity is found in the recurrence of ziaw days when they do not
occur every year obviously it is a direct consequence of the meteorological situatiemasgective
year but depends on the geological condition at any catchment as well.

11
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Tablel. Statistical characteristics at gauging stations with zerélow daily data

Region River Location Ny ma a maxd | mnd | meand | Cv

Kanagiol Osenovez 488, 70 71 244 30 98 0.87|
Senkovez Golyamata vod3 439 12 11 141 63 110 0.30]

Region 1 |Zarzar Golyam porover 2004 200 70 365 148 286 0.34]
Fakiiska Fakia 294 8 22 81 6 37 0.76]
Fakiiska Zidarevo 349 9 24 76 11 39 0.43]
Ropotamo Veselie 114 3 12 48 9 28 0.73
Aitoska Kameno 634 18 31 146 10 58 0.72]
Sredezka Prohod 561 20 25 143 9 80 0.59]
Hadjiiska Rujiza 42 5 44 17 8 11 0.40]
Provadiiska D.Voinikovo 1868| 144 62 365 20 186 0.80]
Golyama Kamchia Ticha 74 2 3 48 26 37 0.42)

t J ¢ d Kriva Novi Pazar 33 1 12 20 5 11 0.72)
Vurbiza Vurli dol 31 1 8 18 5 10 0.66]
Vurbiza Djebel 62 2 8 45 2 21 1.07]
Gilemiza Tatul 256 51 80 140 24 64 0.81]
Byala Dolno Lukovo 815 22 41 119 22 63 0.44]
Skut Nivnyani 273 7 8 138 23 91 0.66)
Desna bara Burzia 45 2 7 31 14 23 0.53]
Veshtichka Veshtiza 232 6 16 85 6 39 0.87]
Ochushniza Ochusha 67 2 14 31 8 13 0.74]
Luda Yana Shor 125 7 26| 58 11 25 0.82
Strelchenska Strelcha 167 5 8 112 23 56 0.88]
Devinska Beglika 1698 154 100 274 82 154 0.36]
Tenesdere Giowren 4470 179 93 290 48 179 0.35]
Fanos Poibrene 1371 152 100 188 91 152 0.19
Venkovska Venkovez 185 19 60 77 1 31 0.98
Byala Kurtovo 96 3 8 28 8 16 0.54]
Omurovska Partizan 825 83 60 272 45 138 0.61]
Chinardere Dulbok Izvor 47 5 5 40 7 24 0.99
Sutliika Rakitniza 173 5 8 101 16 58 0.74
Golyama Svilengrad 976 98 70 239 94 139 0.35
Turiiska Turia 1347 36 70 112 8 52 0.61]

Region 3 |Marash Lozenez 295 30 40 144 7 74 0.96]
Rechiza Vaksevo 365 10 8 130) 110 121 0.12]
Bl. Bistriza Slavovo 157 4 14 38 15 31 0.51]
Bl. Bistriza Blagoevgrad 868 23 46 197 7 51 1.08

Region 4 |Byala Razlog 566 22 15 164 99 142 0.21
Accidentally zero-flow

Region 2 |Gospodarevska Svetlina 39 2 6
Gradevska Gradevo 16 0 3
Konska Batanovzi 23 1 3

Region 4 |Sov. Bistriza Gurlyano 25 1 3

5. Flow regime in the four regions with dryimyers

There are presented hydrographs and flow duration curves at three selected characterist
rivers for the studied 1982017 and for a year with highest proportion of zero flows (in violet); and
median in interquartile ranges between Q25 and Q79yedhaded areas) and median (in red). The
selected characteristic rivers are Fakijska at the Black see region, Senkovec at Dobrudja and Bistri:
River at Struma watershed. The selected rivers have a different year with highest proportion of zer
flows asfollow T 2001 for Fakijska and Bistritza and 1987 for Sencovec. The hydrographs and flow
duration curves demonstrate the very different flow regime and interannual distribution in the
different geographical region.

Comparison of the hydrographs on the dl&ea rivers shows a strong decrease of runoff
after the peak of the spring high flows and a visible increase of runoff in the awtimten period
(only in this region). This is in fact the specific Black Sea influence on the Mediterranean climate of
the area and the mixing of the two marine impacts. In the Dobrudja region, the river hydrographs
have low amplitude of Q2875 outflow variation, as well as the median, due to the geological and
hydrogeological conditions mentioned above. They lead to theatan of low runoff feeding
mainly the underground horizons but not surface water. In these rivers there is no pronounced hig
water and floods are very rare. In the catchment area of the Struma River, the internal distribution c
the runoff has a pronoued peak of high water in spring and a sharp decline and a prolonged period
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of drought. For the year with the most days dry, the hydrograph retains the specifics of the area, bt
the outflow this year is below quantile Q25. On the Figures 4, 6 and 8cava #ie hydrographs for

selected typical rivers in the Southern Black Sea region, Dobrudja and Struma watershec
demonstrating different flow regimes.

2.00 20

1.75 - Q25-Q75
150 - 15 - —Q0
125 | —2001

1.00 - Q25-Q75 10 |
0.75 - —Q50
050 | —2001

025 i |E
0.00 - :

025 0 20 40 60 80 100

Q (m/s)

Q (m¥/s)

1 31 61 91 121151 181211241271301331361 py

y

Fig. 4 Hydrographs of the Fakiiska River at Fakiai Fig. 5Flow duration curves of the Fakiiska River at

(1981:2017)Southern Black sea region Fakia
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Fig. 6 Hydrographs of the SencoveRiveri (19812017)  Fig. 7 Flow duration curves of the Sencovez
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Fig. 8 Hydrographs of theBl. Bistriza River-(1981-2017)  Fig. 9 Flow duration curves of the BI. Bistriza River
Struma watershed region

The presented flow duration curves (Figures 5, 7 and 9) confirm also the significant difference
in the regime of the drying rivers in the different regions. The genesis of the drying of rivers is very
different, which affects the durability of dry periods well as the dynamics of runoff change,
especially when passing from wet to dry periods. The duration curves are important not only from ar
environmental point of view, but also from the point of view of water management, the use of water
resources anthe water consumption (Karagiozova et al., 2017, Ninov et al., 2017).
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CONCLUSIONS

The present study reflects some of the results of the investigation on the spatial distribution
the genesis of drying up and the regime of the rivers with-fl@nodaysin Bulgaria. It combines
statistical processing of available hydrological information for 42 gauging stations. Information from
these hydrometric stations with registered Zévev days and field survey in the frame of the various
projects in the past ifi¢ base for the present study. For the first time, regions with dried beds are
identified and mapped on the territory of the Bulgaria.

The current pioneering investigation for the country may be a good basis for future exploration
of drying rivers. Areas uh information on the existence of single drying rivers outside the
monitoring network should be included in the survey in the futine publication reflects the
concerns of hydrologists in Bulgaria adnpacut d
on water resources.
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MONITORING AND EVALUATION OF GROUNDWATER LEVELS AT
LADNC HYDROPEDOLOGI CAL PROFI LE
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Czech Hydrometeorological Institute
Hana Hornov§, CHMI, K r ohfnia.bomava@cBmi.czcBr no, Czech
I vana Lern8, CHMI , Kr ovatacerna@chBicz Br no, Czech

ABSTRACT

Theplanned construction of Od&anube canal was one of the largest activities, which l&uete@alization of research
projects, which also included construction of boreholes for monitoring groundwater levels. Hydropedological profiles
(HP) consist of boreadles, which are situated usually across the routhexanal and across longitudinal axis of valleys

or fl at Moravian holl ows. They belong to basins of O
startedback in 1933, subsequent folled after 1940. Nowadays these objects servelitaininggeneral idea about the
groundwater regime in valley profiles of these rivers. From geological perspective, these HP profiles are in an area ©
Quaternary sediments. Groundwater level monitoringRtis important especially becauserelatingthe profile to a
particular watercourse and duration of the continuous monitoring. It can be used for determination of hydraulic link
between surface water and groundwater. These vahrelse very useful espally in the determination of spread of
potential groundwater pollutants via surface waters. Aim of the work is to assese cbgroundiater levels at the
Ladn8 profile of interest and oftthe Dye\Ravdr anath geountivater reginief e c t
taking into account the drought period. Next aim of the work was to show the relationship with surface waters and evaluat
the relationship between individual boreholes and the watercourse in the entire profile. In addititerntalega series

of groundvaterlevel monitoring were used to perforevaluation of course of grouneter levels during various time
periods, in particular durintheindividual reference periods, as specified by the CHMI, i.e. 41980, 19311980 and

the curent reference period 19€010. Subsequently, the period 198118 was als@analyzed as a period associated

with the current situation and finally also the entire period of monitoring, i.e.-2048,atotal of 70 years.

Keywords: groundwater, surfaceater, groundwater regime, quaternary sediments, hydraulic continuity

INTRODUCTION

Decreasing landscape retention ability in basins, river modifications, increasing demands for
drinking water abstraction from surface and groundwater and more frequemeaceuwf torrential
rains lead to fluctuation of water regime in riparian forests of south Moravia and subsequent chang
in ecological conditions and reduced water availability for forest vegetation. Due to decreasing
landscape retention ability thereadongterm increased ruoff and associated disruption of water
balance in landscape. Result of this is a decrease in groundwater reserves and also water source:
general. Strategic role of water lies especially in the field of food production, bes@8886 of
water use is irrigation. Water availability is therefore becoming a global problem of the planet. It is
likely that the Czech Republic will also face water availability problems in the future. Up to half of
Czechs could be faced with potentialt@rainsufficiency, groundwater reserves are getting smaller.
The entire problem of decreasing water reserves is caused by the overall effect of several major facto
such as global climate change, irregular precipitation distribution throughout the ydesjrad
anthropogenic actions in landscape by farmers and water managers, which lead to decreas
landscape retention ability, strategy for surface and groundwater abstraction, more frequent torrenti:
rains, which due to fast ruwif from the area via stightened river bed do not fill dams, lead to floods
and landslides and associated damages and potential life losses. Expert prognosis is not ve
optimistic and groundwater reserves will be threatened, especially in spring. Recent significan
drought pends in the Czech Republic occurred in 19884, 19901995, 20032004 and the latest
drought episode lasts up until now since 2014. The issue of drought is also very relevant for the regio
of South Moravia, in particular in water meadows of ripariansfste

Planned construction of OdBranube canal was one of the most significant actions, which
led to realization of exploratory works, one of which was the construction of boreholes for monitoring
groundwater levels. Since 1996 the area is protected for tepgutive canalization of the Morava
and Oder rivers and the route of the proposed DafgsxMorava canal. This would also fulfil the
original aim of monitoring longerm time series of groundwater levels. Hydropedological profiles
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(HP) consist of borehek, which are situated usually across the route of the canal and across
|l ongitudinal axis of valleys or flat Moravi a
and Morava rivers. First observations were between 1933 and 1934, additiona¢wer@dded until

1940. Nowadays these objects are used for general understanding of groundwater regimes in valls
profiles of these rivers. From geological perspective, these HP profiles are in an area of quaternal
sediments. At the particular location thiese profiles the soil types are predominantly light soils,
sandy soils and slightly loamy and loose sands.

The studied Ladn8 profile is | ocated abov
Charvatsk8 Nov§8 Ves andityoélLedhise. s totaliehgth isd.08tks &nd r t
crosses the rivers Dyje, Trkmanka and V|l el 2n

70-years long continuous monitoring series. Over the years the location underwent several change
mostmpor tant of which was the construction of
river bed. Assessment of the hydropedological profile uses basic statistical methods used for larg
data set analysis. This includes analysis of dynamics of grouedigeaél in relation to surface run
off, precipitation and geological profile in various reference periods. The obtained findings from the
individual reference periods are analyzed and thoroughly assessed. One of the assessed factors is
impact of drouft in the period between 2014 and 2018 on the profile in relation to the distance from
the watercourse and climatological conditions, including the effect on the overall historical series of
groundwater level monitoring.

Aim of the work isto assesscoars of groundwater | evels at
to evaluate the effect of river engineering of the Dyje River on the groundwater regime, taking into
account dry periods. Next aim of the work was to demonstrate the relationship with suriarse wat
and evaluate the relationship between individual boreholes and the watercourse in the entire profile
Two periods were selected for the evaluation of the effects of river engineering of the Dyje River on
groundwater regime. First period, from 1948 68¥2, only deals with Dyje River engineering, i.e.

does not take into account the effect of the
after the construction of the Nov® MIIny dar
BSedNav® MI I ny .longterm dath deriets of groundwater level monitoring were used

to perform evaluation of the course of groundwater levels during various time periods, in particular
during the individual reference periods, as specified by the CH&19311960, 19311980, 1961

1990 and the current reference period 19810. Subsequently, the period 198118 was also
analyzed as a period associated with the current situation and finally also the entire period o
monitoring, i.e. 1948018, a ttal of 70 years.

METHODS AND DATA

The area of interest underwent significant changes in land use in the second half 8f the 20
century as a result of the construction of t
area saw a largest incezafrom the original 2.01 % to 24.90 % of the total surface area (12618.37
I n 1960, | argest water bodies were the resto
Gt2nkovka became completely part ol o tt2hnes kIT o w
remained partially delimited, but is in fact also mostly part of the central section of the reservoir.
Main watercourses were Dyje, Svratka and Jihlava. The confluence of Svratka and Jihlava and rive
beds were artificially modified already 1960. Also the Dyje river channel is regulated down to
Dol n2 VDstonice. Significant ratio of these
poolsi abandoned river beds and oxbow lakes along Dyje and Jihlava rivers, existence of whick
allowed hydraulic connection with the main channel of Dyje and Jihlava, as well as frequent outflow
of these rivers. There were 133 water bodies in total in 1960. Practically all these pools became pa
of the current reservoirs. Water area in 2019 mostly sonss of f |l ooded ar eas
reservoir and associated constructions. Following the change in water management conditions, on
few watercourses in the area of interest remained that have their channel in its original position. The
are 4 streamghat had their channel modified already in 196Dunaj ovi ckl str ea
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stream, Popickl stream and Gt2nkovka. End s
part of the current Nov® MITny r eterpassethrough At
a drainage canal along the lower part of the reservoir down to the dam, where it flows into the Dyje
river. Popickl stream and Gt2nkovka end in
pumped to the lower part of the reserv&osition of the Jihlava and Svratka confluence remained
intact. Only the lower part of Svratka and the channels of both rivers were modified (extended
embankment). All newly created small streams are related to the overall water managemen
modificatons® Sout h Moravia. The entire Nov® MITny
which collect water soaked from the reservoir. One entirely new irrigation channel is the Brod
Bulhary-Valtice channel. From the central part of the reservoir, water is @diagmproximately 700m
over the ridge of Dunajovick® hills from whe
and further in the direction of Mikulov and Valtice.

Back in 1960, a significant ratio of the total area of interest consistpdrofanently wet
water meadows (3.14%). Usually this meant a number of small water bodies often surrounding th
above mentioned abandoned river channels (163 individual wetland areas). Two wetlands are largs
ione lies between Sttrhaecrh oatreen iasn ds iGalkavti ecde , n o rht
right bank of the Dyje River. However, in 2018 permanently wet meadows only represent the leas
frequent category (0.24 %) and are only foun
the totalarea of the forest category decreased in the area of interest, from 13.65% down to 7.46% c
the total area. Most of this decrease is caused by logging of the alluvial forests and subsequel
flooding of these areas. Part of the former forested area isuradohe land and also the forest islands
we st of Pasohl 8vky transformed into agricul
compensated by an extension of forests in th
areaswerealsocteaed sout heast of Brod nad Dyj 2.

Change in hydraulic relationships in rock environment also affected groundwater.
Embankment prevented floods in the alluvial areas and thus also prevented soaking into groundwat
and increasing groundwater levels. Moseastific studies prove decrease of maximum groundwater
levels and shorter duration of these maxima. A floodplain is affected by water regime of the particula
watercourse as well as rock type, terrain, soil type and climate in the entire basin. Floadplain i
therefore not just a product of a particular watercourse, but reflects state of the entire basin. Thi
broader concept of floodplain is well described by the following charactefiskct o o d p| ai n's
specific environments, completely differentewen in contrast with other landscapes. They form an
axis, an aorta of landscape. They reflect development, life and history of the entire basin. Plains are
never autonomous parts of the Earth, their evolution is affected by all parts of landscape, even b
mountain forests in distant water divide. Anything that is taken away from the basin, what is washe«
away, enriches the floodpl ainsée. FIl oodpl ai n:
landscape, highways for the spread of fauna and flora. @basfloodplain is always a watercourse,

a river. It is the character of this river that is always crucial for the appearance of a floodplain, its
c hi | (Cdes, 1992). Based on Prach (2003), the uniqueness of floodplains lies especially in the
following properties. Energy, matter and information flows in floodplains are very fast and are of an
open nature. For a specific ecosystem in floodplain, inputs and outputs (energy, nutrients
information) can many times exceed their transport within the ecosyd$tudplains are
characterized by high tempogpatial heterogeneity. Floodplain ecosystems show a high
productivity.

The Dyje basin is a very large area of overt19 knf and watercourse length of 306 km.
Czech Hydrometeorological Institute has 6 stadi measuring surface water levels of Dyje
Podhr ad2Ha nMryanoZznoj mo, Tr 8vn? DvTr, Nov® MIT
for monitoring groundwater levels and also sradimeter hydropedological boreholes, thecatied
HP profilesi a ungue feature only found in South and North Moravia.

They were created as a result of the Gdanube channel construction project. Preparation
of this project brought about realization of many exploratory works, including construction of probes
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for monitoiing groundwater levels. These were positioned in linpsofiles, which were labeled as
hydropedological. They were usually situated across the route of the channel and also across tl
longitudinal axis of the valley or plain Moravian valleys. They camfobed in the basins of Oder,
Bel va, Dyje and Morava. First obs edditiaal ween s
being added until 1940. Nowadays these objects are used for obtaining general understanding
groundwater regimes in valley profilebthese rivers. In South Moravia they are currently aggregated
into4units HP0262 Redovie, HEBO268aLad88Novs§ Ves,
and HP0267 Gakvice. Currently, groundwater |
atda¢ al of 29 boreholes an@dhamwratsska§ f Ngwadl g¥e son
there were 53 boreholes and 8 staff gauges ¢
mostly flooded as a resul t odervoir anel onty @ haehales c t
remained. Other profiles were reduced as a result of the need to reduce costs associated with operat
of the monitoring network. Given the extent of the Dyje basin and the number of boreholes available
in this area, it is nopossible to concentrate on the entire area. Detailed analysis was therefore
performed for the area near -BBaclVavsk&nNpagt
which is typical for the Dyje floodplains and has most boreholes directly liokie tsurface station
on the Dyje River.

BSeclav |ies on the Dyje River and is sur
lining the Dyje and Morava river represent an area of over 3500 ha, making it the largest complex o
its kind in centrBEurope. Forests full of channel networks, oxbow lakes and pools were added to the

list of Ramsar Convention in 1993 as i Mok Sa
Nort hwest of BSeclav |ies Kanl| 2 o bhopredomigakcan| 2
of common oak and narrelve af ed as h. South of BSecl av i s

forests, extending to the confluence of Dyje and Morava, with partially preserved riparian meadows
and alluvial pools. This areaisone ofthemt v al uabl e areas of the
and Cahnov Sout ok. On the west is the southeaster
rybn2ky (Lednice ponds) .

Two periods were selected for the evaluation of the effectwatér management and
engineering on groundwater regime. First the period between 1948 and 1972, only in terms of Dyje
i .e. without the effects of reservoirs close
after the constml dmtyi odna mo fa ntdh emoNMdVf® cati on of
BSeclav and Nov® MIT ny. -tdrmtime sedes of greundivatemlevels, dna s
assessment of the course of groundwater levels for several time periods wasimgaaeicular fo
the individual reference periods as they were proposed by the CHMI{B&8&1 19311980 and the
current reference period 192010). In addition, the period between 1991 and 2018 was also
analyzed as a representation of the current situation. The patiogl of 70 years cannot be assessed
because of the Nov® MlITny dam construction.

Evaluation of the relationship between groundwater and surface water was performed using
knowledge of average monthly flow rates for Dyje during the period of interest w2et used from
surface stations Doln?2 VDstonice (Nov 1948 t
bel ow the dam (Nov 1988 to Dec 1994) and dat
HP profile and has been monitored since Nov7108til now. Last station used for the assessment
was t he stdli eomn iBlSre2c 1 teinsdiidge], BHere fiow sates were analyzed in
the period between Nov 1965 and Oc-gell®8idil| h
station,which stopped operating on Nov 1, 1987 and was used to derive flow rates also for the statiol
Nov® MITny in the period 11/1988 to 1013d®94.
most during flow rates exceeding 358.¢1, because the chael does not have a sufficient capacity.
Such higher flow rates were distributed by ;
watercourse channel to a discharge branch, which flows back to the main channel below the statior

Based on a hydrotpi ¢ a | map one can see t halaysedandneé ns |
with occasional boulders (flood gravel) and sediments of artificial water bodies, ditlwad sandy
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sedi ments (between Ladn8 and ChadviaésklBy Nown §
Charvatsk8 Nov§ Ves). Ladenskl profile boreh
includes quaternary fluvial sediments of the Dyje River. Groundwater level is free. Sediments of the
floodplain belong to a structure fidsure groundwater with a characteristic hydrogeological link with
surface flow. From the geological perspective the profile has the following structure (Fig. 1):
dominant are sandy clays in the highest layers, followed by predominantly clay sandiepth ap

to 0.9 m. Deepest layers are mostly sand gravel. Layer of clay soils is not present in the
hydropedological profile at all, occasionally one can find clay sand soil or clay sand.

DEPTH OF GEOLOGICAL LAYER FROM THE TERRAIN [m]
1|KB0689 |0,0-0,4 loamy sand soil |4,6-6,7 incoherent sand-grave|0,4-1,3 clay sand 1,3-2,3 medium-grained san 12,3-4,6|sandy-dusty clay
2|KB0690 [0,0-0,5sandy clay 3,9-5,9 dusty clay 0,5-2,7 clay sand 2,7-3,2 dusty clay 3,2—3,51dusty clay with sand|
3|KB0691 |0,0-0,5sandy clay 0,5-2,1 clay-sand soil 2,1-2,9 clay with gravel 2,9-4,6 sand gravel
4|KB0692 |0,0-0,5sandy clay 0,5-2,7 clay sand 2,7-5,6 sand gravel
5|KB0693 |0,0-0,7 sandy clay 0,7-2,2clay sand 2,2-4,6 sand gravel
6|KB0694 |0,0-1,0sandy clay 3,8-5,7 sand-gravel 1,0-2,5 loamy sand soil 2,5-3,1 clay sand |3,1—3,8 non-clay gravel san
7|KB0695 [0,0-0,8 sandy clay 0,8-2,2 clay sand 2,2-6,1 sand gravel
8|KB0696 |0,0-0,7 sandy clay 0,7-1,5dusty clay 1,5-2,3 clay sand 2,3-5,4sand gravel
9|KB0697 [0,0-1,7 loamy sand soil |1,7-2,3clay sand 2,3-5,9 sand gravel
10|KB0698 |0,0-1,6 clayey soil 1,6-2,5 clay sand 2,5-4,6 sand gravel 4,6-5,2loamy sand soil
11)KB0699 |0,0-2,1 clayey soil 2,1-3,1loamy sand soil 3,1-5,1 gravel sand
12|KB0700 |0,0-0,7 mica clay 3,5-5,6 sand 0,7-1,6 loamy sand soil 1,6-2,5 clay-sandy soil 2,5-3,5 clayey-dusty soil
13/KB0701 |0,0-0,6 mica clay 0,6-1,5loamy sand soil 1,5-4,2 sand gravel
14/KB0703 |0,0-0,8 clay sand 0,8-2,5loamy sand soil 2,5-3,1 sand 3,1-5,9 sand gravel
15|KB0704 |0,0-2,3 mica clay 2,3-3,1sand 3,1-5,8 sand gravel
16/KB0705 |0,0-0,8 heavily clay sand3,6-6,4 clayey sand-gravel  |0,8-1,5 mica clay 1,5-2,6 sandy-dusty clay 2,6-3,6 coarse grained sand
17|KB0706 |0,0-1,4 sandy-dust soil |4,1-5,7 medium-grained sand|1,4-2,3 dust soil 2,3-3,4sandy soil 3,4-4,1clay sand
18/KB0707 |0,0-1,0sandy-dust soil [1,0-2,1loamy sand soil 2,1 - 51medium-grained san
19/KB0708 |0,0-1,4 clay-sandy soil [1,4-2,5 clayey soil 2,5-3,6 clay sand 3,6-5,8 sand gravel
20KB0710 |0,0-0,8 clay-sandy soil [2,5-5,2sand gravel 0,8-1,7 sandy clay 1,7-2,1 clay sand 2,1-2,5clay sand
21)KB0711 |0,0-1,0sandy clay 1,0-2,3clay sand 2,3-5,3 sand gravel
22|KB0712 |0,0-0,6 clay with gravel [0,6-1,7 clay sand 1,7-5,4 sand gravel
23|KB0714 (0,0-1,9 clay sand 1,9-6,1 sand gravel
24|KB0715 [0,0-0,5sand-dust viay [0,5-1,3dusty clay 1,3-2,4 sand gravel 2,4-5,2 sand
25/KB0716 |0,0-2,4loamy sand soil [2,4-2,7 sand 2,7-5,8 clay sand 5,8-6,5 dusty clay
26|KB0717 [0,0-0,8loamy sand soil [0,8-2,4 loamy-dust-sandy soil|2,4-6,5 sand gravel
27|KB0718 [0,0-1,8clay sand 1,8-5,3 gravel sand
28/KB0719 |0,0-2,4 clay-dust soil 2,4-5,4sand gravel

Fig. 1. Geological profile

The originalprofile had 28 probes, after several changes it now has 25 probes, out of which a total o
16 probes now has automated systems with daily measurements and one staff gauge, surface stat
Ladn8 nad Dyj 2, which | i es davelstaie being moaitored siece a x
1948. There are three watercourses crossing the grddie ] e, Ladens k8 str ouh:
V]iel2nek.
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Fig. 2. Monitored probes as of 2019
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In 1949, the hydropedological profile had a total leng#9&6.4 m, with an average elevation
of 160.46 m above sea level (Fig. 3).
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In 1962 three new probes were added, in particular the probes KB0717 and KB0718 betweel
the probeKB0714KB0716, because these two were quite far apart from each other (approximately
300m). The probe KB0719 was added between the probes KB0710 and KB0711. In 1963 the entirt
profile was redrilled, in 1980s and 1990s the probes were deslimed and claa#8P monitoring
ended at the KB0703 probe, because it was destroyed. In 1970 the same happened to the prc
KB0701. In 1975 also the KB0697 was destroyed and in 2005 two other borehB£692 and
KB0714. In 2010 the monitoring network was reducesicdrrently operating probes were chosen,
which were equipped with automated devices in 2012, with hourly groundwater level data. The
remaining probes are not currently being monitored, but in the future, it is planned to include them ir
the network againlfhe last probe that stopped operating was the KB0691 probe, because it had to be
removed in 2018 as it stood where houses were to be built.

The KB0O702 probe indicated the staff gauge on Dyje, which was in operation from 1948 to
1982. However, water ahé¢ gauge often froze, data was not available due to deposits carried by the
river and the data is therefore incomplete (Fig. 4). In 1982 it was replaced by a staff gauge at th
surface station, origehal mgstain tlhaednsdl,atvwher &8
is located.
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Fig. 4. Measurements from the KB0702 staff gauge between 1948 and 1982

In order to assess groundwater regime in relation to surface waters it is also important to knov
the occurrence of critical years in termshgtirology and climatology (Fig. 5). First dry year in the
period 19062018 was the year 1912. The year 1914 was characterized by highest daily maximurr
precipitation. Average maximum across all stations in South Moravia was 64 mm. First half of the
20" certury was variable, without significant extremes. Driest period were the years19331hen
followed by floods in 1938. Also 1942 was a very dry year, especially in Bohemia, followed by
another relatively dry year 1943. Year 1947 saw a catastrophic dr@bgtween April and
September, monthly precipitation amount only ranged between a few mm and approximately 20 mm}
Beginning of the 1950s was also variable, in 1954 there were floods on Vitava (Bohemia), which
almost destroyed the Slapy dam, which wagonstruction at that time. Water in the reservoir
overflew and the dam was not yet completely finished. The year 1959 had the longest dry period, i.e
most consecutive days without rain. There was no rain in the entire Czechoslovakia in August
SeptemberQctober and first week of November. Years 19864 were also dry, in 1964 tree leaves
in Vysolina turned yellow already in August.
was flooded, southeast part of the republic was also affected,alpdm Morava basin, where the
Vranov reservoir overflew. Another dry period occurred between 1971 and 1974, with the exceptior

of Vysolina, where June and beginning of Jul
was followed by another dryeqr in 1976 i n Sout h Mor avi a, corn an:
postss25 m aparto. 't then rained in July and t
harvest. Dry years were also 198284, with a significant windstorm in the summer 84, which

caused significant damages in the forests al

remained standing. As can be seen, drought episodes are encountered approximately every 10 ye:
which is also proved by dry years 199995, afte which catastrophic floods occurred in 1997.
Another flood occurred in 2002, followed by a dry year 2003 and 2007. Floods were also encountere
in 2006. In 2010 there were heavy rain episodes in Moravia, making it the second wettest year sinc
1900, 194being the wettest. Year 2012 was again rather dry, in 2013 there were floods in Bohemig
as a result of strong thunderstorms. Since 2014 until now there is another episode of drought.
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Fig. 5. Critical years from the perspective of drought and floods
RESULTS AND DISCUSSION

Four probes were selected to assess the effect of water management modifications at Dyj
River and interactions with surface waters, in particular the KB0689, KB0706 probes in operation
since 1948 and probes KB0718 and KB0719,chwluperate since 1962. Their location in the profile
and distance from one another is given in Fig. 6. The probe KB0689 lies 2.3 km away from Dyje on
the edge of a field, the probe KB0706 is closer to the watercourse (0.2 km), in a dense riparian fores
KBO0719 probe is 1.1 km far from the river in a forest and KB0718 is 2 km from Dyje, on a field in a
close vicinity to a newly constructed pond.

- SN s Y

" distance:

| KB0689 - Thaya:
.~ KBO706 - Thaya:
KB0719 - Thaya:
\KB0718 - Thaya: 2,(

scale 1 :12 500
A
a8 o SN

Fig. 6. Location of assessed probes in profile

For each of the probes, the following data was evaluated:téngaverages, minima and
maxima for the periods 1931960, 19311980, 19812010 (current reference period) and 1-291.8.
Then, for each probe a drought threshold was determined, which rapré&8&e% of longerm
monthly cumulative frequency curve (hereafter DMKP). Graphs then show monthly course of
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groundwater level elevation in the probe, together with flowrates of Dyje as measured by surface
gauges, in particul @i cat Noe®sMaiingndebDdwnd e
gel ezni |l n2z most.

The KB0689 probe is 6.7 m deep with-@.@ m loamy sand soil, 4.3 m clay sand, 1-3
2.3 m mediurgrained sand, 2-:8.6 m sandydusty clay and 4:6.7 m incoherent sargravel.
Elevationof the profile is 164.13 m a. s. |. Over the entire period of monitoring, i.e. since 1948, there
was a continuous measurement. In 1959 the borehole dried up for the entire year, as well as in 197
1976 (Fig. 7).

Based on the assessment there is a signtfaiecrease in groundwater level during the period
of construction of the Nov® Ml Tny reservoir
1976. Another reason for the decrease of groundwater could be soil amelioration at the beginning
1980s. Theprobe is situated on a field and it is possible that the course of groundwater level is affectec
by the amelioration wor k. Prior to the const
10y ear periods, which wer e a@hstractiompnd kasle nbt gtabilizede I
until today. From the perspective of the individual reference periods, all the periods are comparabl
in terms of average groundwater level. When looking at the variability, i.e. the minima and maxima
in the individual griods, the least variable is the period 19360 (more precisely 1948601
beginning of measurement), when the difference was only 1.36 m. In contrast, the most variable leve
were seen in the period 192010, 2.73 m. In the period 193980 it was 26 m and in 1992018
2.05 m. Most significant change in terms of minimum groundwater level can be seen between th
period 19311960 and the period 1931080, where the lonrgerm minimum level decreased by
1.16m. In contrast, in 1992018 the longerm minimum increased compared to 198010 by
0.52m. Significant change between letgrm maximum is between 193B80 and 1982010,
when the maximum increased by 0.6 m. From the perspective otdomgdrought threshold, i.e.

85% of longterm cumulative ®quency curve, one can see a decrease in groundwater level between
the period 19311960 and 1931981 by 0.82 m, since 193B80 the drought threshold constantly
increases, first by 0.28 m (192010), subsequently by 0.34 m (192018).

Periodicity of anmal course of levels has in recent years been very disrupted, mostly by the

effect of the very dry years 202018.

500

161

160,6

e iONtIY average
1931-1960 average

160,2 .

1931-1960 maximum

1931-1960 minimum

159,8 1931-1960 85% DMKP

e 1931-1980 average

sm= 1931-1980 maximum

.
5
o
IS

= == 1931-1980 minimum
vvvvvv 1931-1980 85 % DMKP

H
=
e}

e ]981-2010 average

monthly flow [m3/s]

= 1981-2010 maximum

groundwater level [m n.m.]

158,6 == e= 1981-2010 minimum
------ 1981-2010 85 % DMKP

—]991-2018 average

158,2
==+ 1991-2018 maximum

= == 1991-2018 minimum

100

LY I T T T B e T T e T T S e e | e o e B B e [ | R B, 1991-2018 85 % DMKP

Dolni Véstonice
157,4 50 Nové MIyny under rese rvoir
Ladnd

Beclav - railway bridge
157 0

HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH

Tl dd T ddd T A dd T A dd T dd A T A d e T d A e g A A dd T A A T dd T D AT

timeline

Fig. 7. KB0689 probe assessment
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The KB0O706 probe is 5.7 m deep. @@ m is sandylust soil, 1.42.3 m is dust soil, 2:-3
3.4m is sandyail, 3.4-4.1 m is clay sand, 48.7 is mediurrgrained sand. The probe is located at
an elevation of 159.74 m a. s. |. There is a continuous data series available since 1948, in Novemb
1988 a continuously operated water pump has been installed forwatekws i n BSec | av
Data analysis (Fig. 8) shows a significant decrease in groundwater level at the time when the
pump was installed close to the probe. This pumping affected the borehole significantly until 1997,
when the values stabilized at the origindues observed prior to the pumping again, however, are
still | ower than the |l evels observed before
that this construction affected the groundwater levels, however, in a lesser extent than the KB068
probe, because the KBO706 probe is in a close vicinity to the Dyje River and corresponds to the flov
rate of surface water. From the perspective of the individual reference periods, all the periods ar
comparable with regards to the average groundwater, eitbl the exception of the period 1981
2010, when longerm average decreased by 0.2 m. Regarding the maximum and minimum levels,
i.e. the overall borehole groundwater level variability, the most variable was the pericd B1
(more precisely 194896071 beginning of measurement), where the groundwater level variability
was 2.72 m. Least variability of groundwater levels was observed in the pericd983and 1991
2018, 2.33 m. In the reference period 12810 the groundwater level variability wagd2.m. Most
significant change with respect to minimum groundwater levels was between the perietP6031
and 19311980, when the lorterm minimum level decreased by 0.43 m, other periods are
comparable. Significant change in letegm maxima can be sebatween the periods 193D60 and
1931 and 1980, when there was a decrease by 0.43 m and in the subsequent pe20d(Q.68la
further 0.3 m. From the perspective of lelegm drought threshold, i.e. 85 % of leteym cumulative
frequency curve, one caee a decrease between the periods-198D and 1931980 by 0.2 m,
with a decreasing trend in the subsequent pé&rindl98%:2010 a decrease by 0.32 m. Increase in the
drought threshold was observed in the period 18®18, when the threshold increadsd0.37 m.
Also, in this case there is an obvious disruption of annual groundwater level regime, especially due
to the very dry years 2012018.

onthly flow [m¥/s]

Fig. 8. KBO706 probe assessment
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The KB0719 probe is 5.8 m deep, with-2@ m claydust soil and 2-4.8 msand gravel. It
is situated at an elevation of 159.23 m a. s. |. There is a continuous monitoring since 1962, in 199
the borehole was redrilled after a flood and deslimed in 1985 and 2006. After the construction of the
Nov® MITny dam, rairmagercana has beanrcon$troated close taithe borehole, which
is constantly full of surface water.

Data analysis (Fig. 9) shows an obvious decrease in groundwater level after the constructiol
of the Nov® MI Tny dam and b dibne. Aa restitef awraihager r
canal, however, there is a permanent increase in groundwater levels. From the perspective of tt
reference periods there is an obvious increase in groundwater levels. Between the periiB0931
(more precisely 19629801 beginning of measurement) and the period 12810 there is an
increase in longerm average groundwater level by 0.38 m, in the subsequent period by a further
0.19m. Foll owing the construction of t he NovR@
groundwater levels, in the period 198010 it was 2.38 m, in the current period (1:2018) it is
1.98 m. Most significant change in terms of minimum groundwater levels is between the period 1931
1980 and 1982010, when there is a decrease by 0.39 mirbilite subsequent period (192018)
the longterm minimum increased by 0.45 m, i.e. by 0.06 m compared to the period9831There
IS no significant difference between the individual periods in terms oftkrng maximum levels.
Regarding the longerm drought threshold, i.e. 85 % of cumulative frequency curve, one can see
increasing trend, where the threshold increased by 0.2 m betweeid983and 1982010 and by
a further 0.33 m in 1992018. Periodicity of the annual groundwater regime is alse giisrupted
in recent years, especially by the effect of the dry years-2018 and the associated decreasing
trend.
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Fig. 9. KB0719 probe assessment

The KB0O718 probe is 5.3 m deep with-A.®@ m clay sand and 283 m gravel sand. It is
located at an elevation of 160.15 m a. s. |. There is a continuous monitoring since 1962 and th
borehole was redrilled in 1997 after it was flooded.

Data analysis (ig. 10) very well illustrates the dry periods, which repeat approximately every
ten years. As a result of the Nov® MITny d
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groundwater levels, which is also obvious from the {@rgn characteristics oféhindividual periods.

There is no other significant watercourse nearby apart from Dyje, it is therefore fully dependent or
surface water inflow and precipitation. Groundwater levels correspond to the Dyje River levels,
during the per i oahstractiontiis rel@onshipbetweenduaface and groundwater
levels was disrupted. From the perspective of the individual reference periods they are all comparab
in terms of average groundwater levels, with a slight increase in the2Dd®1period by @9 m.
Regarding minimum and maximum levels, i.e. the overall variability, the most variable periods are
the periods 1982010 and 1992018, when the variability in minimum and maximum level was
1.53 m. In contrast, least variability in groundwater leveds observed in the period 193980,

1.42 m. Differences between lotgrm minima are also very small, in the period 2810 the
minimum increased by 0.09 m, in the subsequent period it was constant. With regards to-the long
term drought threshold, i.85 % of longterm cumulative frequency curve, there were no significant
changes over the entire period of monitoring, in the period-2930 the longerm threshold of
DMKP increased by 0.08 m, in 192018 by a further 0.05 m. More significant are thanges in
long-term maximum, where there is an increase by 0.21 m in the period20381 Periodicity of
annual groundwater level course has not recently been as disrupted as in the case of other prob
however the dry period 2042018 also significangl affects the probe and there is a decrease in
groundwater levels.

1.11.1962
12017
2.2019

ﬁﬁﬁﬁﬁﬁ

1.

timeline

Fig. 10. KBO718 probe assessment

Water management modifications brought about many changes, which had a significant
impact on natural and anthropogenic systems in the area of inEettestsive forest areas, meadows,
pools were flooded, watercourse channels were altered, as well as land use. Water manageme
modi fications associated with the construct
Anatur al 0 ¢ ondipmentoohffoodplainrgeobidtenosis. d¢ \eads  a disruption of
fluvial processes, as well as the overall hydric regime of the area. Modifications which changed the
moisture and fluvial relationships in the area include construction of new river charareks, d
channel shortening etc. Dams are sort of an unnatural barrier. Channel shortening leads to formatic
of many abandoned meanders. These abandoned river stretches are usually not in hydric contact w
the main river flow and therefore cannot be restpre. they gradually degrade. Construction of the
Nov® MITny reservoir changed the overall hyd
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disrupted at all types of floodplain biocenoses. Drought also affected floodplain meadows, where
there is a obvious decrease in grdserb associations with dominance of hygrophilous or wetland
species. The above mentioned proves countl es

Data from the probe at HP Ladn8 | eadsleto
is unique and its assessment therefore requires taking into account several factors, such as landsc
and vegetation conditions near the probe, geological profile, potential effect of other watercourses
not just the main one, which in all these casethe Dyje River. All probes interact with surface
waters, however, what is important is the distance from the watercourse, which affects the dynamic
of groundwater levels.

Construction of the Nov® MITny resatrtheoi r
KBO706 probe because it is directly dependent on regulations of the Dyje River. In case of othe
probes there is an obvious decrease in groun

dam. During 1990s there is an increase in groundveyels, which manifested itself in losigrm
characteristics of the two recent periods. This increase is caused especially by regular floods in tr
area, because it is an area of riparian forests. These changes directly affected the probes KB0719 &
KB0718. The KB0689 probe lies outside the flooded area, however increase can also be observe
here and it has less significant fluctuations compared to the other probes. 1990s were quite rich |
terms of groundwater thanks to floods groundwater levels coglase and reach their normal
values. Since 2010, however, one can see a decreasing trend in groundwater levels, with only seaso
increases.

CONCLUSION

Groundwater level observations at hydropedological profiles are significant especially
because ofelating it to a profile and a particular watercourse and because of the duration of
continuous monitoring. Apart from other uses it can be used for determination of hydraulic
relationships between surface water and groundwater. This data can be usefiallgdpe the
determination of potential spread of groundwater pollution from surface waters. Knowledge of
groundwater regime at a profile (during standard climatological and hydraulic year) allows one to
conclude that in longerm, the annual course ofogindwater level at all boreholes is roughly the
same, with a minimum in October and maximum in April, between which there is a gradual change
of the groundwater levels. Groundwater level at a specific borehole is affected by river flow rates,
very little by precipitation. Groundwater level does not lie deep below the ground. Deepest it gets is
5 m below the terrain, maximum levels close to a river can reach above the ground. Fluctuation o
groundwater level is quite large given the overall thickness. i@iffee between maximum and
minimum level is on average approximatelynlHighest values are observed at boreholes close to
rivers, where this difference can be up tora.3Based on longerm time series it is possible to also
assess specific periods. Tim®st important period at most boreholes is thenbtidth period, which
corresponds to seasonal replenishment of groundwater. In caseyear7/ldong series one can also
see statistically significant 3gear periods. Occurrence of these periods is alsoecklat the
occurrence of minimum groundwater levels, which occur with approximateyyedOperiod. In the
Dyje basin, groundwater level decreased by approximateim@ber 1972 and fluctuations are less
prominent, which is due to the modifications of thyje River.

Up to three zones (narrower, water and outer) can be distinguished in terms of the effect of :
watercourse (river) on a groundwater in its floodplain. In the narrow belt along the watercourse
channel, every significant deviation of waterdein the river channel results in a significant change
in groundwater level. As the distance from the watercourse increases, this deviation decreases a
there is a certain time delay. A groundwater level regime in a floodplain is characterized b{i@iterna
between a period when water is received by infiltration of surface water and a period when it is the
other way around, i.e. groundwater flows to the watercourse, which occurs when surface water level
are low. In the wider zone the immediate effectuface water deviations is reduced, only lbegn
exceptional increases in water levels or their f@ron high levels manifest themselves by increase
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of groundwater levels. In the outer zone the groundwater level is only affected by the river gadcrea
river water levels lead to increase in shallow groundwater levels in the narrower and wide zone, whicl
increases the potential for flow off of groundwater into the outer.ZResult of such increase is an
increase in groundwater levels in the outarezo

Shallow groundwater in floodplain sediments can therefore be donated not just by water
coming from precipitation or by water from e.g. valley hillsides, but also by infiltration of surface
water from watercourse channels. Its extent depends on thealmuosition of surface and
groundwater levels, its slope and hydraulic link. This depends on the depth and width of the channe
and river bed and river bank permeability, which can be affected by secondary barrier in the form o
fine-grain sediments, forimg a colmatation barrier. Changes in surface water levels in a watercourse
result in slope variability of groundwater levels, as well as the direction of its movement. In general,
during high water levels groundwater in a floodplain flows away from there@urse towards the
surrounding area and likewise during low water levels (low flow rates) vice versa. However, apart
from that groundwater in permeable sediments of floodplains also moves downwards, i.e. mos
commonly in the direction of river flow. Shaw groundwater levels therefore fluctuate in accordance
with deviations in surface water levels, but always with a certain temporal delay. Amplitude of this
fluctuation decreases with increasing distance from the watercourse channel. Predominafieffect o
river on shallow groundwater in quaternary fluvial sediments of a floodplain is therefore apparent
under the conditions of hydraulic linkage. Contrarily it can be said that a characteristic feature of
shallow groundwater of a floodplain is its tempamatl spatial dependence on river flow rate regime.
River water levels affect fluctuation of groundwater levels and direction of flow of shallow
groundwater in a floodplain.
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ABSTRACT

For most Hungarian rivers, especially the Danube, floods and other damages caused by ice have produced at
are producing serious problems. Meanwhile, the number of national research on ice that improve the effectiveness of ic
protection is low, and techral development is not significant at this point. The main focus of the research presented in
this article emphasizes the advancement of this research and to the further develop of the river ice monitoring
methodology.

The key objectives are listed in tfa@lowing points:

Develop a fast, automated, cost effective, and continuousoitection method based on web camera images
with a precision far beyond their manual or estimation procedures. Verification of the developed solution through error
analysis Solutions that do not require specialized software were preferential.

Analyze the time pulsation and daily travel curve of the ice jam coverage ratio of the Danube with the developed
high frequency measurement process.

The aim of this paper is to promotedernization of the Hungarian iadservations and to provide a numerical basis for
scientific research related to this topic.

| have demonstrated that the wieksed, automated river ioeonitoring system can be used as a detailed
hydrographic tool and cgprovide more accurate results than the currently used estimation or manual image processing
methods.

I have proved that from the images of webcams to determine the rate of ice coverage, it is enough to imagine th
views of the cameras in advance, witsirgle spatial perspective transformation, it is not necessary to use georeferencing,
orthorectification, or complicated form recognition procedures for each frame. From the perspective mapping, the aspec
ratio of the pixels (pixels) to the water surfacehe image being examined can be calculated, and it is sufficient for the
computation of ice coverage in all images with the same viewpoint. By doing this, I've narrowed the task to the grading
of the watetice pixels. A simple numerical method was depeld and verified to determine the area ratio of pixels to
the surface of the water. | have developed an automatic, adaptable threshold value, which distinguishes between ice a
water with appropriate precision as picture points (pixels).

With my method bice coverage determination, | observed significant temporal pulsation and daily periodicity
in the ice movement of the observed Danube reach. | have found that the small humber of daily estimates are n
representative to determine daily average ice mme | recommend continuous webcams monitoring.

The new findings contribute to a more accurate understanding of the spatial and temporal structures of ice floe:
in rivers, as well as the methodological development of their measurability and reprogucibilit

My work creates the basis for the modernization of the Hungariamacétoring network. The operation of such
a network provides the condition that in the future on the larger rivers ice floe forecasting and alarm systems may b
established. Thetimesr i es col |l ected over the past decades provioc
too.

Keywords: fluvial ice, webcamera, ice coverage, ice observation, hyrdomethry

INTRODUCTION

Despite the processes of global warming, that caobserved from the hydrological data
during the past decades, the unfavourable mix of hydrometeorological factors can cause severe ic
drift on the Danube in winter, resulting #leods. In 2002 | placed a web camera on top of a tall
building on the Danubkank of Baja, based on the results of traditional ice photography experiment
in the 70's. The success of my initial ice observation in 2008 resulted the construction of 5 additiona
cameras. The saved images recorded one of the special 30 to 40 knss¢dherDanube (130 km)
reach managed by the ADUVIZIG (Lower Danube Valley Water Directokémgary. In 2009,

2010 and later during the winter of 2012, ice floes were produced in the examined sections. Thi
recordings helped to improve ice forecastmagluce the burden of the ibeeaker patrol service, and
further research work. Unfortunately, the January 2017 event was only partially recorded due to th
lack of maintenance of the camera system.
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The revised and possible rethinking of the Technical &imds and Water Technical
Assistance about the topic of ice detection, is a timely issue for the water resources service agencie
The revitalization is not justified primarily by the age of these documents, but by the fact that the
water resources serg@gencies has been heavily restructured. There has been a lot of change in th
number, qualifications, tools and financial background of the water resources industry, which sugges
a reexamination of the above listed regulations.

The more important, anabvious reason to study river ice is that the most devastating floods
were caused by ice floes in the lower part of the Danube in Hungary. During the last 180 years
extreme ice floods on the Danube occurred on the following occasions: 1838, 1839, T850878,

1883, 1891, 1920, 1923, 1926, 1929, 1940, 1048 s z | 193#)any finally the highest level was
recorded in 1956.

We do not need to go too far back to look at past events; we only need to look at the damag
caused by the recent river ice inemds in 2017 (recent). The ice floe in January 7, 2017 (without any
warning) extended for almost the whole Hungarian Danube reach damaged the river signs and caus
serious damage. In migebruary, the mass of ice in the river Tisza caused a lot of daimalge
water equipment at most riverside towns. Perhaps the most celebrated event in the media, was t
incident of the Tiszacsege ferry, where only with a little luck was a fatal accident avoided.

Protection against less frequent natural disasters, etlegyicause serious damage, are only
briefly given appropriate attention. Therefore, there is not enough interest to reveal the true cause ar
effect relationship. At these events, typically eviatiow-up actions dominate, which often lacks a
careful anl detailed consideration for decision making. My work cannot solve altidgegsroblems,
but it tries to show as many aspects of it as possible. The main goal of the work is to modernize ic
observation, which can provide a good basis learning the plegmammore thoroughly and to
analyze it scientifically.

This paper is a short outline of my PhD dissertation and that is the reason ofrasper$on
singularin the text| sincerely hope it doesn't hurt anyone

OBJECTIVES

For most Hungarianivers, especially the Danub#gods and other damages caused by ice
have produced and are producing serious problems. Meanwhile, the number of national research «
ice that improve the effectiveness of ice protection is low, and adltevelopment is not significant
at this point. The main focus of the research presented in my dissertation emphasizes the advancem:
of this research and to the further develop of therrice monitoring methodology.

The key objectives are listed inet following points:

A Historical overview of the current practice of river-etection in Hungary, a critical
overview of the solutions available in international literature, and the demonstration of
domestic development opportunities, highlighting tee of webcams for objective
determination of river ice coverage and its operational experience. Confirmation that these
tools can be used to produce efficient and accurate hydrographical data that, can direct ic
defense, and can serve scientific research

A Develop a fast, automated, cost effective, and continuousoltction method based on
web camera images with a precision far beyond their manual or estimation procedures
Verification of the developed solution through error analysis. Solutionsidhadt require
specialized software were preferential

A Analyze the time pulsation and daily travel curve of the ice jam coverage ratio of the
Danube with the developed high frequency measurement process.

A In addition to wekbased icaletection detectigrdevelopment of a measuring instrument
for direct measurement of the spatial shape of the running ice tables and verification of the
device operation on the Danube.

The aim of this research waspromote modernization of the Hungarianadeservations ah

to provide a numerical basis for scientific research related to this topic.
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PRACTICAL APPLICABILITY OF WEB CAMERA S

In 2002, | installed my first webcam for iodservation in Hungary, followed by several
others. By presenting the operating experiencelamevide use opportunities of cameras (modeling,
flow estimation, ice forecasting, etc.) | explained and demonstrated the justification of the monitoring
system.

The practical applicability of the web camera system is broader than just the ice coverage ratic
detection determinatioldome example of usage as follows:

9 Fluvial accidents

91 Characteristics of drifting floe

91 Study of the hydrodynamic conditions
1 Hydrodinamicmodelling

1 Discharge estimation

In 20181 have developed an automatic, ceffective image processing method that has a
significant outcome that the system can be used as a hydrographic tool. | have verified by erro
analysis (Table 1) that the S&kvebped Auto Solution provides more accurate results than the
official Hierographic data, any of the Estimating Methods, and even better than Manually Image
Processing. Using the individually calibrated, transformed and evaluated camera images as referenc
the square medium error (RMSE) was the lowest for the Automatic process:

Table 1.Error of ice coverage determination methods

Method: | Hydrographic | Estimationl. | Estimation2. | Manual | Automatic
RMSE: 13,15 % 9,03 % 9,59 % 10,18%| 5,94 %

| have demonstrated that the wdlased, automated river ioeonitoring system | have
developed in the domestic water management practice can be used as a detailed hydrographic tc
and can provide more accurate results than the currently used estimation orimageglrocessing
methods.

| have shown that the practical applicability of the web camera system is broader than just the
ice coverage ratio detection determination.

SIMPLE AND EFFECTIVE IMAGE TRANSFORMATION

After a thorough readingf theliterature(Duguay et al., 2015; Chu et al., 2016; Kraatz et al.,
2016; Ansari et alidofagedetarsplution-ottlimed, b@t @ Wwas not suitable for
my problem. Solving the task of image evaluation the necessary steps were these:

Convert the origial photoes to grey shadow image
Ortorectifi cation by georeffered points

Adjust the contrast of the imag&ammeéfilter)

Make a binary image (Black and White)

Select and investigated area on the image
Calculate the coverage

Instead of thisproceds used the i mage transformati on
time in practice with three independent came
is that | photographed a walbordinated square grid platefiont of the camera in several positions.
From the pictures | read the coordinates of the plane grid square in(pigels.) The more pictures
| have been able to process, the more accurate | got the internal parameters describing came
distortion. The water surface of the river, where | observed ice floes (in the test section), was
approximately horizontal.

= =4 =4 -8 -8 -9
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Fig. 1. Well-coordinated square grid plate

The average slope of the Danube here is negligible. | put my calibgafine horizontally
with the help of two water levels perpendicular to each, and the observed area was opened in front
the camera, and in parallel plane | interpreted a parallel coordinate systetis the necessary
transformation (Fig. 2has beome simpler

AZ

Fig. 2. Sketch of coordinate trasformationtask

This coordinate system calculated the transformation function (equation 1) between image
and reality (X, y, z) in the pixel of the camera (u, v). The ratio between water and ice can be interprete
in planes parallel to the water surface, so a single detation of the transformation between the
horizontal plane plate and the camera image can be used to analyze the ice coverage at any wa
level. | also used the simplification that, due to the horizontal plane, the height of the spatial
coordinatesi zi®zero
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Using this function, | calculated the spatial coordinates of each pixel of the camera's images
The procedure was verified by the area computation of any square grids of the plane used for tt
calibration, vhere the biggest error was within 3%.

| have proved that from the images of webcams to determine the rate of ice coverage, it i
enough to imagine the views of the cameras in advance, with a single spatial perspective
transformation, it is not necessary use georeferencing, orthorectification, or complicated form
recognition procedures for each frame. From the perspective mapping, the aspect ratio of the pixe
(pixels) to the water surface in the image being examined can be calculated, and it isstdficie
the computation of ice coverage in all images with the same viewpoint

|l nstead of expanding the Jakobi deter mi n
practical, numerical solution of area calculation determined frorrcoeatinate squares dfe pixel
corner points. The pixel treated so far as a point can be treated as a square, which is apparent after
appropriate magnification. The square, however, has a planar extension, a surface area, and the a
can be calculated based on its cornenfso The idea was no matter how elementary | never found
to be used for calculating ice coverage. | used the approximated that sides of the rectangles st:
straight from transformation from (u, v) to (x, y). This is also true for small pixels.

The cornepoints of each pixel selected for observation were calculated using the four angular
coordinates shown in Figui® Starting from the upper left corner, | numbered the corner points
clockwise to 14. Using this sequence, which | use as the index (i) ofctheulated real x, y
coordinates, | calculated the actual area of each pixel | want to observe with the following (2) relation

0 -B ww W ®homMi @MW w M 2)

u-0.5, v-0.5 -\ ~\u+0.5, v-0.5
S )

0 3
u-0.5,v+0.5 T N/U+0.5, v40.5

Fig. 3. Corner coordinates used for pixel areaalculation
The calculated areas are placed in a matrix indexed with the u, v coordinates of the pixels

which provide the actual area of the pixel in question while moving in the area being investigated.
By the described process, | leawvarrowed the tagk the grading of the watdéce pixels.
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ICE AND WATER SEPARATION

| converted colour images provided by cameras to grey shades. Subsequently, | determine
an area variable threshold value for distinguishing between ice and water. The useglea
threshold value in the picture has yielded insufficient results.

| have noticed that on the camera images, regardless of the day, the reflection on the water
always in the same direction. Along the direction of reflection, a lower angar threshold was
linearly distributed, and this way the ice can be separated from the water with enough precision. My
further development was to use the interpolation to determine the lower and upper threshold value
using the sky from the earlier carasrimages and the clearly identifiable, permanently identifiable
surface features. After the ieeater separation and area ratio determination functions were
successfully resolved, the examined areas of the cameras were divided into 40 downstream lanes a
the coverage ratios in these lanes were defined. The results were saved in the form of pictures (Fi
4.) and data series.

Paraméterek [Eq/Pillér K1/K2]: 123 / 180 196 / 66

.....

—

Fig. 4. Graphic result of the determination of ice coverage in the band under the Bay of Baja

| have developed an automatic, pt#ble threshold value, which distinguishes between ice
and water with appropriate precision as picture pokitally, the reliability of the automatic method
was verified by error analys{able 1.)

RESULTS AND DISCUSSION

In all examined Danube prtés, the variable amplitudes pulsation of the ice coverage with
time was observed. This pulsation is considerably higher than for example at water velocity
measurements. Observations that vary this way are characterized{ayé&nged values in the water
resources industry. That is why | think it is justified to introduce this method at ice jams, along the
use of cameras. In the domestic practice, the ice coverage of a river section is currently characteriz
by one to five estimates per day, althoughittre-day period is not negligible. The arithmetic means
of the small number of samples, therefore, is significantly different from the mean values derived
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from accurate steady, higrequency observations. My results help to determine the optimal
observéional period of ice jams, whose information density can thus be traced to other hydrological
and meteorological data, creating the basis for temporal and spatial analysis of the ice evolution ar
melting process based on observation.

A Duna bajai szelvényében észlelt jégfedettségi idésor

Jégfedettség [%]
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W
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Fig. 5. IceCoverage Curve during the January 3, 3veek icejam of the Danube Baja section.
Legend: calculated by the ice observation camera (red), 1 hour average (blue), 6 hour average
(orange) and finally average daily (black) time series.

Figure5. shows the rapifluctuation of the instantaneous ice cover and the sensitivity of the
mean values to time ranges. Note that webcam measurements only give the daylight hours, and duri
the nights | approached the curve with linear interpolation.

With my method of ice carage determination, | observed significant temporal pulsation and
daily periodicity in the ice movement of the observed Danube reach. | have found that the smal
number of daily estimates are not representative to determine daily average ice coverage.
recommend continuous webcams monitoring.

APPLICATION OF THE RESULTS

The new findings contribute to a more accurate understanding of the spatial and tempora
structures of ice floes in rivers, as well as the methodological development of their measarability
reproducibility.

| st vs8n Zsuf fa's 1aAdvBite ipdustrinl ecamera’s gecontibulows cide
observation system has been revitalized and upgraded to createdateitteservice based on ice
coverage in real time, which is rarely can be founthe world. This system contributes greatly to
the success of the ice floods and ice floe damage prevention work for the water resources agencie
In addition, it creates the possibility of scientific research on ice floes, data supply for in situ
numeri@al modelling

The research establishes and validates an automated process that can be used to measure
rate of ice coverage and the transverse distribution of the ice surface yield per unit width in
consecutive flow cross section. Collection of thesitu datasetsequires serious effort, especially
when the measurements are taking place on an icy river. Video recording is safe, but the thickne:
measurements needed to determine the ice volume flow must be carried out manually on the rive
For the manual ice thickse measurements, | created and validated a device that allows simple and
quick measurements on icebreaker ships. This result is extremely useful because from the den:
timeseries of the transverse ice area ratio fudhatysexan be conducted.

My work creates the basis for the modernization of the Hungariama@toring network.

The operation of such a network provides the condition that in the future on the larger rivers ice floe
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forecasting and alarm systems may be established. The time serieiedadeer the past decades
provide data for national research on river
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ABSTRACT

Hydro-meteorological investigation of the small catchments of the East region of the Mecsek hills has been carried ou
since the 1960s. In frame ofthee s ear ch, daily water | evel s -ocoekk)Hatebeermai n
recorded at two gauging stations: for the upper reac

city. On the upper reach the water levels ofonedfe most i mportant f{crielrkt acidekad$ cs
are also recorded. There are three rain gauges as well that record daily rainfall since the 1960s.

In our study we carried out statistical analyses of the 50 years long data seresiod\tementioned hydro
meteorological measurement stations, and we provide information about the changes that can be observed in the run
characteristics of the creeks, we as well established correlations between the rainfall and the runoff cluaracierist
determined the extremities and the changes in their frequencies of occurrence.

The above studies can help us understand the climatic changes i.e. in the temporal distribution of the rainfall an
runoff and may help us develop better strategiesrderoto prepare for the probably more frequently occurring flash
floods.

INTRODUCTION

Flash floods are frequently associated with violent convection storms or thunderstorms of a
short duration falling over a small area. Flash flooding can ocalmaost any area where there are
steep slopes; it is common in mountainous regions subject to frequent severe thunderstorms. Fla:
floods are often caused by heavy rain of short duration. Flooding caused by flash floods frequentl
washes away houses, roaa&l bridges over small streams and has a critical impact on communities
living in these ofter e mot e ar eas (-Nagyd?2089).i ¢ & Sz°Il | Rsi

Rainfall events with high intensity in small catchments with a steep land surface slope like
mountainous catchments can createalted flash floods. They are characterized by a short time to
peak as well as a relatively short flood event time, critical or supercritical flow (Bornschein, 2019).

Because of the steep surface the time of conceirtrather short: it takes a few ten minutes
or a few hours in a few 10 Kmatchment areas exposed to the rainburst. The fast concentration results
in very intensive flooding. The intensity of water level rising can fall in the magnitude of meters in
anhour. The intensive rising of water level is expected to cause fast change of water surface slope ¢
the instant discharge of water can be surprisingly great. As extreme rainfall intensities cause th
extreme discharge, the possibilities of forecast adhflflooding are similar to the cloudbursts. The
earliest signal can be earned from the rainfall detection. The most direct solution is the water leve
detection. The rainfall based nowcast can be gained from real time measurement and sampling
rainfall, rainfall distribution of storm clouds by radar. The rainfall radar can give spatially continuous
estimation of rainfall intensity distribution. The technical solutions of the radar estimation and the
connecting technical and theoretical problems are séstliin several studies (Testic, Y. Firat, 2013).

The flood control against flash floods is very difficult. The fast moving character of the flash
flood, the rapid runoff and accidental water level rising cause that operative flood tdmtilaling
of ddense lines for riverside territorids after a forecast (nowcast) or during the flood can be
successful only in rare cases (R8cz, 2019).

METHODS AND DATA (STUDY AREA)

Vel gys®gi creek can be found i n tnértkerngpartut h
of Mecsek hills, where it collects waters from the eastern part ofthessb | ed V©° 1 gy s ®g
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creek is notregulated onitsupperreachunt i | t he settl ement Sz8sz
were artificial ditches for wateritis in the past, which have by now been filled up in most locations.
The creek first flows from the south to the north, and upstream the settlement Magyaregregy it turn
eastwards. Downstream of B o ny h §-chortheastvandinally o n
di scharges into the Si- channel, next to the
560 km2 while the length of the
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Themain valley can be categorized into three parts: the upper reach stretches from the source
unt il K8r 8sz settlement, the middle reach fr
Nagym8nyok to Si-ag8rd.

On the wupper r e a-caley tb r © im e-valle)g the@®@ askaachayacteristic
erosion area, the small creeks flow in rocky beds (Marosi, 1990). We can observe that the creek reac
very quickly to rainfall and can produce high floodwaves. Recession time is relatively long (Koch et
al.,20) . On the relatively |l ong reach from KS8r
found on the surface as there are thick alluvial layers on top of it. Along this reach the catchment ca
be divided into two parts, a hilly, high slope part whichoghe south of the creek and a lower
elevation, smaller slope part in the north.

Unt i | Nagym8nyok there are 10 bigger trib
amount of sediments into the mai n oakaakhlaedelm 1 n
gallery forests while on the hilltops oaks and turkey oaks were dominant with steppe grasslands, bt
to date the agricultural utilization of the
1990).

The <c¢l i mat e o fonforinsean iMtérmegliging tRg betweeg the continental and
the subatlantic type of the surrounding regions. From the viewpoint of flash flood development the
Mecsek hills are the most important, as the topographical system of the hills has a high irttpact on
climate of the region. In the Mecsek hills the sanbditerranean effects can be observed well. There
can be climatic differences between the northern and the southern hillslopes as the ridges act .
climatic confines. The annual precipitation of tleethern and higher areas is 800 mm while the other
parts it is 700 mm. There are rain gauges installed in the catchment area which can record 24
precipitation averages. Main wind direction is northeastrth. 34% of the annual precipitation falls
between March and June, while %% in the summer months. The number of sunny hours of the
area is between 195100 annually. On the contrary, the number of snowy days is orb@ 3i&r
annum. Snow usually can be observed for a longer time on the northps. Slbe number of stormy
days is above 44 days in the Mecsek hills, while in the northeastern parti8i§32d ay s ( Be
1995; Sziebert, 1998).

Gauging stations

For the analyses we had the data of all 3 installed gauging stations, 2 on the maindriler
on one of the upstreamrightan k t r i b ut a-craele(Big. 3; Fidn ). THeombg wpstieam
station out of the two on the main creek is at rkm 44,75 in Magyaregregy which is operated by the
Southern Transdanubi an,whetokeservaon is ¢cootinuous gince 1969. |
The other station is at rkm 20,00 in Bonyh§8d
Water Authority (hgqg in Sz®kesfeh®rvsgr). Her e
station is goart of the master network of hydrological observations of Hungary. About the tributary
there are data since 1968, operated by the Southern Transdanubian Water Authority. In the obervati
sections we can find builh measuremerdtructures (Fig. 3) (Kd&¥cs, 2017; T°o°tt©°s

Fig. 3. Gauging stations of the V°Ilgys®g
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Hydro-meteorological stations

For the analyses we used the data from 3 hyuteorological stationsrain gauges (Fig. 4).
The station in V8ralja is the oldest stati ol
installed in the beginning of the 20th century. It is apest by the Meteorological Information
Services of Hungary. The exact placement of the station has changed several times within the villag
but it was always located within 1 km from the center. It has been relocated 3 times since the 2n
World War.

Thehydromet eor ol ogi cal station of M8za is thi
is still in operation. It is operated by the Meteorological Information Services of Hungary since 1990.
At the moment this station is the only one in the region whereralerain measurements are made
daily. In the first years the station was situated in a place surrounded by buildings, thus in the year
before 2000 inhomogeneity can be detected within the precipitation data series. But the data measur
after March 200@re of sufficient quality and continuous.

In Magyaregregy there is a raing gauging station that is operated by the Southern
Transdanubian Water Authority since 1972. The station was, for a long time, located in the souther
part of the village but in 2@Lit has been relocated with a few hundred meters to the north, so it is
now in the middle of the village. In our analyses we used the data from 1973 because the full yee
data series was available from that date (Szentes, 2015).

Bonyhad!Q station

Mazalprecipitation guage
@ W Varalja) precipitation guage
4

B Viagy aregregy I precipitation guage
SN iagyaregregy 1Q station SR\
HodacsifQ station

Fig. 4. Discharge and rain gauges in the study area
RESULTS AND DISCUSSION

Flash flood events are important to analyze because these events may reveal aspects
unexpected eventually before unobserved hydrological behavior. Thus, we have carried out a genel
evaluation based on the available discharge and precipitation datasets in order to conclude stateme
about the tendencies governing the processes in the studied catchment. We have determined the rur
maxima, minima and averages for all three gaugingsts We determined trends as well.

There are several rain gauges in and around the catchment but some of them are ne
representative for the study area or is located very close to the confluence where there is no runc
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data available as the most dowrsain gauge is at km 20,00. This way we use the data of the 3 stations
presented before. We determined the maxima of precipitation, the number of rainy days as well a
the trends, in order to detect eventual effects of climate change.

During our study we fthto face with the problem of the lack of systematic observational data,
mainly in the case of water level gauges. We have to mention that data gaps were also present in
three data series, 1529 days at Bonyh8&8dHoi@:i
creek.

However, our aim was to provide a contribution for the understanding of flash flood processes
and to underline the need for developing a monitoring system for flash floods by showing that climate
change really has an effect on the freey of the occurrence of flash floods. Thus, before the
investigations, the data set had to be prepared for statistical analysis. First of all, water levels wer
not uniformly recorded, which means that though there were at least one data every taytijret t
of the records were not the same for every day. The other main problem we faced was that thouc
during an event, as a flash flood, measurements were usually more frequently made, however the
were not uniformly executed during the process, sagyeweur.

Since our aim was to investigate floods, we extracted the highest water level from each day
from the data set to obtain a uniform time series showing the highest water level of each day. W
used this transformed table to detect "interesting" dagse flood events were present, presuming
that days when the peak water level was higher than 100 cm can be considered as days with floc
events (Fig. 5).

300
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200

150

100 4
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Fig. 5. Linear trend of water levels exceeding 100 cm at the Magyaregregy gauge

Thediagram shows the linear trend of growth of the intensity of flood, i.e., the highest water
level observed during the flood, over the investigated period. We can observe a slightly increasin
trend, and we can state that the floods in the last few deaezlgsre extreme. More precisely, there
are 8 floods after 1999 with a peak level of at least 150 cm, while before in the perieti9b®70
there are only 4, which means the frequency of flood events have doubled. We could also obser
that in the last tegiears there were 6 floods, more than in any of the ten years periods before.

After detecting the time of the floods this way, we investigated each flood independently in
order to characterize the runoff and to develop a model for a typical flash flooduaiye to
determine the changes that could be observed. Unfortunately, here again we faced the lack of da
Since there were no uniform measures we do not have reliable information about the runoff and henc
we could not make any comprehensive statiséinalysis. However, we interpolated the missing data
linearly in order to obtain some picture about the events. But we emphasize that especially in the ca:
of flash floods these results can involve significant errors.
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As a next step we considered therggesuch that the water level exceeds 100 cm. Since our
aim was to investigate flash floods we defined F_1 floods as events where the water level increass
at least 250 % in one day. The distribution of F_1 floods in the time period20dBregarding in
10 years periods is:

17%-12%23%-13%-35%.

Here we see a significant growth in the last decade.

However, looking at the parameters and the runoff properties of the floods, we find it
necessary to define the parameters of floods that should be considaneahialysis regarding flash
floods requiring more conditions. For instance, one of the characteristic of a flash flood is the shor
time period of its runoff. This means that the slope of the celerity of the increase and decrease of tr
water level is grean magnitude. In order to give a measure for this we investigated the water levels
a day before the peak, the peak and the day after the peak and determined the proportion of the wa
levels before and after the peak to the peak level itself. Accaimlihgse parameters we defined F_2
floods as the floods where neither of these two numbers is greater than 50%. We found that th
distribution of F_2 floods are different comparing to F_1 floods, namely:

0%-8%-30%-16%-46%.

We see that more than the 50%of floods occurred in the last 20 years.
We insert a diagram of the runoff of the flood in 2018 (Fig. 6) which shows up the typical

characteristic of a flash flood.
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Fig. 6. Hydrograph of a typical flash flood at the Magyaregregy gauge (March 2018)

Runoff data analysis

From the diagram of the yearly maxima we can conclude that the number of high discharges
has considerably increased during the past 20 years, increasing tobsseed peak discharge of
the creek severaltime€.al cul ating the | i near t-2088hddta seifies t h
a significant increase is visible, which represents a 7/ imcrease (Fig. 7).
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Fig. 7. Maximum yearly discharges of the 3 gauging stations, and their linear trend at
Bonyh§gd

If we look at the mean discharges (Fig. 8) we can observe a slightly decreasing trend a
Bonyh8d station, while ai ntheaBagyanebeegges
tributary as well. This difference can be attributed to the different length of the data series. Here ths

data gaps are significant so we can suppose that the decreasing tendency would be present if the ¢
serieswas long enough.

3

25
w 2
S
o
E
15
1™
@
o
2
B & ek y=-0.002x+4.7508

0 /\/\/ _/\ L) Vi sl W )
1949 1959 1969 1979 1989 1999 2009 2019

Bonyhad

Magyaregregy

Fig.8. Average yearly discharges of the 3 gaug

For the annual minima, we can see a slight decrease at all the three gauging stations, which
particularly true in case we look at the miecent 20 years (Fig. 9).
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Fig. 9. Minimum yearly discharges of the 3 gauging stations, and their linear trend at
Bonyh§8d

Precipitation data analysis

The processing and analysithe precipitation data was made in order to control as well as
verify the runoff tendencies. We analyzed the daily precipitation sums of the three rain gauges
(Magyaregregy, V8ralja, M8za). The | onl®&st ¢
Data gaps in this data series comprise 366 days. At the Magyaregregy station data are available frc
1972, with data gaps on 513 days. The | ast
which can only be used from the year 2005, withd@ys of missing data.

In case of annual maxima (Fig. 10), the Magyaregregy station which is closest to the source:
shows consequently higher values, which can be explained with the effects of the variability of the
terrain. If we compare the values tetrunoff data, a correlation can be seen as expected, and the
periodicity in the precipitation also results in a similar periodicity in the runoff.
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Fig. 10. Maximum yearly precipitation of the 3 gauging stations, and their linear trend at
V8ralj a
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Fig. 11. The number of rainy days at the 3 ¢
If we analyze the number of rainy days (Fig.11) and the sum of precipitation (Fig. 12) at the
three stations, the effects of climate change can beulmedly seen in the study area. The trends of
both data series are significantly increasing, meaning a higher number of rainy days within a year an
bigger precipitations as well. When we look at the connections with the runoff data, it is difficult to
interpret the changes in the average and small discharge data series, but we think a more detalil
analysis could show the characteristics causing these changes.
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Fig. 12. The amount of yearly precipitation at the 3 gauging stations, and thelinear
trend at VS8ralija

Thus, the effect of climate change can already been observed in the study area, not only in tt
form of more precipitation but also in its extremities. In the past few years we have also witnessec
the most numerous dry periods ingary, and a serious drought can also develop right after a very
wet year. This is well illustrated by the precipitation sum observed in Magyaregregy in two
consecutive years: 1260.6 mm in 2010 and only 445.6 mm in 2011.
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CONCLUSIONS

From the analysis of the highest, average and lowest discharges and the precipitation dat
yearly we can conclude that the precipitation and runoff data series are well related in the case of hic
and medium discharges, but in case of small dischargeotimgction is not very evident. The reason
for this can be that the smaller tributaries in the mountain range of the catchment dry out totally ir
longer dry periods.

Looking at the data series in details, we can distinguish between dry and wet periods whict
can change during a year or a few years. Therefore, trends can be much different depending on tl
period in which measurements started.

Our simple analyses clearlshow that high precipitations and together with them high
discharges, peaking at higher and higher levels and causing flash floods more often, have increas:
in the recent past, approximately during 20 years. We attribute this phenomenon to the dffects of
heavy rainfalls which have increased in occurrence and intensity as an early result of climate chang

The small and medium discharges are greater in wet years, and a slight decreasing tenden
can be observed in them. There can also be a cliralated answer to this effect which would need
further analyses with a finer resolution time and space.
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ABSTRACT

Data on historic floods along the Danube River exist since the year 1012. In the Middle Ages, floods were
estimated based dmstorical documents, including original handwritten notes, newspaper articles, chronicles, formal
letters, books, maps and photographs. From 1500 until the beginning of organized water regime observations, floods we
hydraulically reconstructed basedwater marks on old buildings in cities along the Danube (Passau, Melk, Emmersdorf
an der Donau, Spilz, Schonbuhen and Bratislava).

The paper presents a procedure for assessing the statistical significance of registered historic floods using
comprehensivenethod for defining theoretical flood hydrographs at hydrological stations. The approach is based on
correlation analysis of two basic flood hydrograph paramétenaximum hydrograph ordinate (peak) and flood wave
volume. The PROIL model is used to defithe probability of simultaneous occurrence of these parameters. It defines
the exceedance probability of two random variables, in the specific case two hydrograph parameters of the form:

P{QnaxOUmax)  WinaxOWmax )} = P (1)

where:

QmaxT maximum hydrograph ordinate (peak);

Omax,p Maximum discharge of the probability of occurrence p;

Winaxi maximum hydrograph volume;

Wmax,pl maximum flood wave volume of the probability of occurrence p;
Pi exceedance probability.

Spatial positions of the liseof exceedance of two flood hydrograph parameters and the empirical points of the
corresponding parameters of the considered historic flood in the correlatio®figldWnax allow direct assessment of
the exceedance probability of a historic flood,itarstatistical significance. The proposed procedure was applied in
practice to assess the statistical significance of the biggest floods registered along the Danube in the sector from its mot
to the Djerdap 1 Dam.

The linear trend in the timseries ofmaximum annual flows at a representative hydrological station and the
frequency of historic floods in the considered sector of the Danube are discussed at the end of the paper.

Keywords: statistical significance, flood, correlation, exceedance probability, maximum hydrograph ordinate, flood
wave volume, linear trend, flood frequency

INTRODUCTION

In general, a flood is a state of the water regime where the river staljscftarge) increases
and, as a rule, the river overtops its banks and floods the surrounding terrain. The increase in wat
level/discharge is relatively rapid and after a certain peak is reached, there is gradual decline. Whe
a river overtops its bankshe discharges (flow rates) represent flood waves and are commonly
depicted in flood hydrographs. The main parameters of a flood hydrograph are the maximun
hydrograph ordinate (peak), flood wave volume, and flood wave duration.

Knowledge of flood discharges essential for sizing hydraulic structures and of overriding
importance from the viewpoints of safety and economical construction. Hydraulic structures sized or
the basis of underestimated flood discharges lead toelevated risks of flooding, stoueaata¢s and
all the associated adverse effects. Overestimated river discharges reduce the risk but result
oversized structures, inconsistent with actual safety requirements and spending needs.

In addition to theoretical flood discharges, numerous ires need to be sized, or their
conveyance capacity defined, on the basis of flood wave volumes and hydrograph shapes. Given th
hydraulic structures are built to provide the required level of protection, design floods are determinec
by defining the theetical values of flood hydrograph parameters: maximum hydrograph ordinate
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and flood wave volume of a certain probably of occurrence (or return period). When determining
flood discharges and flood wave volumes, the initial assumption is that they ans rqunalatities),
which conform to a certain probability distribution of the form:

P (XmaOX) = 1-F(X) (2)

where:

P (XmaOX) i probability that random variabMnaxwill exceedx;

Xmax T maximum value of the considered random variable (river discharge or flood wave
volume)

X i value of random variable X of the required probability of occurrence; and

F(x) 1 theoretical distribution of random variaisle

Problems that involve extreme natuewxents are muldimensional, such that procedures
which maximize the use of data and, at the same time, allow the estimation of parameters of a comple
event and their correlations and probability of occurrence, have not been developed to a level th:
makes them easy to implement. For that reason, the World Meteorological Organization proposed i
1988 the transformation of marginal probabilities, which are generally not normally distributed, to
form a normal probability distribution of multiple event$ig approach is followed in many studies
seeking a common probability of runoff hydrograph parameters, particularly peak and volume
(Adamson, Metcalfe, Parmentier 1999).

Singh and Strupczewsky (2007) point out the importance of gaining insight into common
exceedance probabilities of different runoff hydrograph parameters. They describe the role of
examining the correlation between the flood wave peak and flood wave volume when modeling urbal
flood protection systems. There have been many attempts to aglgqepresent the correlation
between the main parameters of a flood hydrograph and construct probability distributions in
multivariate space.

Under natural conditions, river flood waves occur periodically and in different combinations
of the main paramets: maximum ordinate and volume. Almost as a rule, the probabilities of these
parameters do not coincide even though they are random variables. As such, when their probabilitie
are defined, they need to be considered jointly, as a bivariate randomevétialy, whereXis the
maximum hydrograph ordinate aivds the flood wave volume. In such cases, the probability of the
bivariate random variabl&(Y) is defined as:

P{(xX) Oz y}¥pO (3)

The PROIL model ( 1 lin the present study tg defb@thie probability ®f u
a theoretical bivariate random variabl¢ Y).

The proposed approach is discussed below, as applied to estimate theoretical flooc
hydrographs along the Danube River and its main tributaries, as welpesdiot the simultaneous
occurrence (coincidence) of the main parameters of theoretical hydrographs (maximum ordinate an
flood wave volume) at the same river gauging stations.

METHOD 1 THE PROIL MODEL

Thesecal | ed Al i miting r udescfibed in dethileimRrohaskatandme
Petkovil, 1989) was used to define the main
shapes. A predefined bivariate probability distribution of the two main parameters (peak ordinate ant
flood wave volune) was the basis for the selection of the constellations (combinations) of typical
parameters for which theoretical hydrographs were defined. The hydrograph shape parameters we
determined from actually observed flood hydrographs at a given gaugirmg stati
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The PROIL model (Prohaskand! | i | ,is faufdéd7upon the practical application of the
bivariate normal distribution function of two random variablsandY, or the bivariate normal
distribution whose probability density is definedfas | | ows ( Pr ohaska, Mar j

Q

13

1 fem P 2temdbyemy) (v-m P
i} ngé-rzg s% sx8y s§

1 .
f(x,y)= & - (4)
G, G, Q-2

o

where:
xandy i simultaneous occurrence of random varialesdY, respectively;

M and™, i mathematical expectatisof X andY;

SyandSy 1 standard deviations ofandY;

' T correlation coefficient oK andY.

The first step was to determine the margufiatribution density probabilitieé,(x, y), f(X,1)
andf (s, y), as:

y:D

f(x9= Al (xy)dy ©)
y=- o
fy)= Al (xy)dx ©)

Then their cumulative probabilitiese

Fx) = A (L)t @)
t=- o
and
F(x;) = Tt (t,9)dt (8)
t=- ©

In this case, the cumulative probability distributi&gy, y), was defined as:

t=x z=y
F(xy)=P[X¢x1Y¢yl= 7 #f(t,2)dtdz (9)
t=- oz=- o
The second step was to determine the exceedance probdbilitigg in bivariate space of
probabilities (Prohaska, Marjanovii, Labril,
t=+ oz=+ o
F(xy)= A qf(t,2dtdz=P[X>x1Y>y]=1- P[X <x8Y <y|= (10)
t=x z=y

=1- F(X!ﬂ) - F(ﬂ! y) + F(Xv y)

For the proposed approach to be applicable in statistical analyses of different flood hydrograpt
parameters, it was necessary to introduce additgimglifications. In essence, the simplifications
are related to the assumption that each ofthe considered flood hydrograph parameters tmotiferm
normal (lognormal) distribution, which need not be the case. The detailed theoretical background for
defining a bivariate distributiofunctionapplying the graphanalytical approach (Abramowitz and
Stegun, 1972) can be found in the literatun®kR@ska et al., 1999).
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STATISTICAL SIGNIFICANCE OF HISTORIC FLOODS ALONG THE DANUBE

The statistical significance was analyzed using the PROIL model and official data from
hydrometeorological services of the Danube countries, collected from endorsedggstadgions.
Time-series of the highest annual river discharges and mean dadyamtaneous ped#aily) flows
were used, from the time a given station was installed until 2013.

The following main parameters of flood hydrographs were considered: maxamoual river
discharge (peak hydrograph ordinat®ma{m?®/s), maximum flood wave volume during the ygar
Whax (10°Pm3), and duration of flood wave time bais&(hour), as shown in Fig. 1.
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Fig.1. Shape of flood wave hydrograph

In the specific case, tirgeries of the highest annual discharges were uploaded directly from
official hydrological databases. Tirseries of maximum annual hydrograph volumes were generated
on the basis of timseries of mean daily or daily discharges.

The largest annual flood wave volunvénaxjin the fth year was determined from the

equation:

ik:Tp+Tb y
W = & G, B640C (11)
=To

where:

Qij 1 mean daily discharge on tf@h day in th&xh year;
Toi first day of the hydrograph registered in"@le year;
Tpitime base of the maximum hydrograph injtitie year.

This resulted in a timseries of the largest annual flood wave volurifésx ;

The maximum hydrograph ordina@®{ayand the maximum flood wave volume were the main
flood parametergrhose statistical significance was assessed. Apart from thesénes of maximum
annual river discharges, such an analysis also requirees@rmes of mean daily discharges to arrive
at timeseries of maximum annual flood wave volumes per Eq. (11)fdllesving gauging stations
along the Upper and Middle Danube were selected for the study: Berg, Ingolstadt, Regensburc
Hof ki rchen, Achleiten, Vienna, Bratisl ava, B

Two bivariate timeseries Qmax; Wmax,), where j=12 , 3, & tot&l number of data points
(years), were generated from multiyear tissgies of observed (empirical) maximum annual
discharges and maximum annual flood waves, based on synchronous data (same years).

50



Electronic book with full paperdgrom X X V | Conference of the Danuian Countries onHydrological Forecasting
and HydrologicalBases of Water Management. KyiyUkraine, November €8, 2019

All the empirical points of the bivariateendom variables@max,; Wmax,) were entered into the
correlation field Qmad Wmay and using the PROIL model the following were defined:

1 Density functions (lines of equal bivariate probabilities of occurrence):
F(QmaxWmay = p, for probabilitiesp = 0.1, 1.0, 5.0 and 50%.

i Distribution functions (lines of bivariate exceedance probabilities):
P {(QmaO Omaxp MmaOnmax, B } = P, for exceedance probabilitess 0.1, 1.0, 2.0 and
5.0%.

The empirical points Qmax; Wmax) above theexceedance probability [if€( Qmax o
Omaxp) WmaONmax, B}= 1.0% in the correlation field were declarkitoricpoints and the related
flood ahistoric flood.

RESULTS

Coincident occurrence @maxandWmaxwas defined for the selected gauging stations along
the Danube. Figures 2/1 and 2/2 are examples of graphically represented results for the stations
Achleiten (Germany) and Bezdan (Serbia). The figures also identify the most significant floods in the
study period, whose return periods were also determined.
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Fig. 2/1.Coincidence of main flood hydrograph parameters of the Danube at GS Achleiten and
return period of the biggest (2013) flood
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Fig. 2/2. Coincidence of main flood hydrograph parameters of the Danube at GS Bezdan and
return period of the biggest (1965) flood

As shown in Figs.2FR, the return periods of the biggest floods recorded from the time the
gauging stations were put inbperation to the year 2013 are as follows:

f Gauging station at Achleiten: the return period of the 2013 flood (coordQaie0604n/s
andW=11453 16/m°) is T(QmaxW) = 1000 years,

f Gauging station at Bezdan: the return period of the 1965 flomatdinates Qa=8340ni/s
and W=292453 19m?3) is T(QmaxW) = 750 years.

The return periods of floods that exceeded the probability:
P{(QnaxO mld Z D Waxd } O 1. 0 %,

or historic floods in the study period were determined for all theonsidered gauging
stations, including Achleiten and Bezdan. The results are shown in Table 1.

Table 1.Return periods of historic floods along the Danube from GS Berg to GS Orsova

P{(QmaO
: Number of | Omaxp ZWmaONmax, B } T Analvzed
Gauging station flood waves =P <p=1% (years) per)i/od
atGS Historic flood
Year p
1. Berg 1 1988 0.33 300 19302007
1 1965 0.20 500
2. Ingolstadt 5 1999 0.20 500 19242013
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P{(Qma0O
: Number of | Omaxp Z2WmaONmax, P } T A
i i — _ nalyzed
Gauging station flood waves =P <p=1% (years) period
atGS Historic flood
Year p
1 1988 0.25 400
Regensburg 5 2013 1.00 100 19242013
4, Hofkirchen 1 2013 0.65 150 19012013
1 2013 0.10 1000
5. Achleiten 2 1965 0.20 500 19012013
3 1954 0.20 500
1 1965 0.20 500
6. Vienna 2 1975 0.25 400 18282006
3 1954 0.33 300
1 1965 0.20 500
. 2 1899 0.33 300
7. Bratislava 3 5013 0.40 550 18762015
4 1876 0.90 110
8. Bezdan 1 1965 0.25 750 19312016
9. Bogojevo 1 1965 0.80 125 19312016
10. |[Panl evo 1 2006 1.00 100 19312016
11. | Orsova 1 2006 1.00 100 18402016

CONCLUSION

Based on this study, the historic flood on the Danube in 1965 was recorded at the larges
number of gauging stations (six) from Berg to Orsova, followed by the floods in 2013 (four) and 1954
1954, 1988 and 2006 (two each).The frequency of historic floadstie highest at GS Bratislava
(four), followed by GS Achleiten and GS Vienna (three each), and GS Inglolstadt and GS Regensbur
(two each). The other studied gauging statio
Orsova), registered only erhistoric flood each in the multiyear study period.

The most statistically significant historic flood was registered at GS Achleitenin 2013, with a
return period of 1000 years, followed by the flood registered by GS Bezdan in 1965, whose returr
period is750, and those registered by four gauging stations (Ingolstadt, Achleiten, Vienna and
Bratrislava) whose return period is 500 years. The third in order of statistical significance were
historic floods in 1954 (Achleiten) and 1999 (Ingolstadt), whosemngiariod is 500 years. Fourth
place in terms of statistical significance is held by historic floods in 1975 (Vienna) and 1988
(Regensburg), with a return period of 400 years, and fifth place by historic floods in 1899 (Bratislava)
and 1988 (Berg), whosetuen period is 300 years. The smallest historic floods along the Danube
occurred downstream from the mouth of the Drava River, only once and with much shorter returr
periods: at GS Bogojevo in 1965 (returim2006er i
(return period 100 years).
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ABSTRACT

There is a characteristic phenomenon of mountain landscape in Avalanche. Mountain development entails the need
take into account the avalanche hazard. ifi@ortant task of the Hydrometeorological Service of Ukraine is to increase
the effectiveness of forecasting avalanche danger in mountainous areas of Ukraine. One of the elements on the way to
solution is the digital display of mountain areas in threnfof thematic maps. The intensive development of modern GIS
technologies and the availability of digital terrain models make it possible to create various thematic maps. The avalanch
activity is affected by meteorological and geomorphological factoiagUBEM based on SRTM 1, an avalanche hazard
map of Ukrainian Carpathians was compiled. The map is based on the average maximum snow height and the steepnt
of the slopes. The proposed map will improve the quality of avalanche forecasts and will allmdgtermine the need

for avalanche exploration if the intended area of construction falls into the avalanche zone and protect users fron
unnecessary danger. An algorithm for constructing thematic (avalanche) digital maps using satellite data SRTM 1 ha
been elaborated.

Keywords: avalanche, avalanche hazard, map slope steemmess,depth
INTRODUCTION

The modern intensive development of information technologies aimed at streamlining and
qualitative processing of huge data sets has given impetusréation of multifunctional
geoinformation systems (GIS). Instead of traditional paper-tiomsuming, routine assembly and
processing, digital maps and electronic databases have come. These innovations have enabl
scientists to significantly deepen thkhowledge of avalanche science.

The avalanche is a natural component of the environréety ae very widespread and
regular. Avalanches occur on mountain slopes and occupy a special place among the geophysic
processes occurring in the hydrospher&elother natural phenomena, such as hail, people usually
perceive avalanches as a dangamatural disaster. Because of that, the t&awalanche danger"
is widely used in the literature.

Due to the regularity of avalanchére following formulation of this concept was proposed:
avalanche dangeris a naturally occurring influence of avalanches on the natural environment and a
fundamental possibility of their impact on the population and engineering stru@oetsn(sky AN,

Losev KS, 1987.

There are different ways to classify the extent of an avalanche or avalanche faeard.
avalanches have great destructive power, especially when they reach large sizes. However, large a
giant avalanches do not occur frequently. Usuiilere are also the most common landslides, small
avalanches and avalanches of medsize in the mountains

The climate of the region determines its avalanche regime. Avalanches can occur whereve
there is snow cover and steep slopes, but they reagly @évastating force in high mountain areas,
where they are favored by climatic and orographic conditions.

Avalanche and avalanche hazards are of considerable interest for the development o
mountain areas and the exploitation of economic facilities heleging structures, communications
and natural resources at risk of avalanche.

The occurrence of avalanches depends on a complex set of factors: climatic,
hydrometeorological, geomorphological, geobotanical, physichanical, etc.

Avalanches belong to especially dangeraydrometeorological natural phenomehacause
of thethreat to human lifdJnder thenatural conditions, the main physical cause of avalanches is the
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loss of snow resistance on a mountain slope. Violation oflisgatan occur due to displacement or
subsidence, static deformation under the force of snow, precipitation, redistribution of snow by wind
and other changes in the tangent and normal stresses in theEsteovihe local loss of stability can
cause a dynaimprocess of avalanche formation under boundary equilibrium conditions.

The maps that are presentbdre are built using geoinformation systems (GIS) using
geoinformation technologies and are geograp8&an{oilenkoV.M., 201Q. In content, these maps
belong to thematic maps of natural phenomena.

METHODS AND DATA

The digitalelevationmodel (DEM) data were used for their development (Figr'ig. digital
terrain model is a file of elevation values. These marks are confined to the nodes of the small regulz
grid. The grid nodes are organized in the form of a rectangular matrix. It is a digital expression of the
elevation characteristics of thelief on a topographic map (Fig, 3). The DEM has a distance of
30m in pixel and a vertical accuracy of about 15 m.
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Fig. 1. Workspace of 12 files (N47EGR5, N48E0205, N49E0205) of digital elevationmodel
(DEM) with SRTM 1secspace altitude data

SRTM 1 sec space altitude data were used to construct the topographic base. The Shutt
Radar Topographic Mission (SRTM) datasats a joint effort of thé&oth National Aeronautics and
Space Administration (NASA) and the National Geospatial Intelligergengy (NGA - formerly
known as the National Assembly and Mapping Agency), and with the participation of the German
and ltalian Space Agencies, to generate an almost global digital terrain model (DEM) of the Earth
from about 60 A n oradarhintetfecomeing Thd SRTM tool ltgnsisteds af ang
Imaging radaiC (SIRC) spacecraft modified on an additional mast of ar@éler antenna removed
from the space station to form a baseline interferomé&tan(G. Farr, Mike Kabrick, 2000
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Fig. 2. Stages of construction of topographic basis of the map
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Fig. 3. Map of areas of avalanche formation of Ukrainian Carpathiansased on theDEM
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The maps presented in this work are built using GIS and are geographantent, these
maps belong tahe thematic maps of natural phenome(fsksiuk O.M., Lanshin V.P. and
Honcharenko H.A., 2018

The creation of an avalanche hazard map was preceded by the processingtefniong
observations of snow cover on the state hyarteorological network. Information was processed
from 247 observation point&rishchenko V.F., Aksiuk O.M. and Honcharenko H.A., 2018
graphicanalyticalanalysis of the change in the thickness of the snow cover with the height of the area
was carriecbut. The dependences of this variability on the southern and northern macro slopes ar:
obtained(Fig.4).
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Fig. 4. Map of the average maximum depth of snow in the avalanche regions
(Ukrainian Carpathians)

In the Ukrainian Carpathians there at®ut 1000 avalanche centers. More than 600 of them
are located in the belt of mountegiacial relief, that is, above the forest border. The slope of the
surface of avalanches is small {20°) in comparison with the Alps and the Caucasus. Cases of
avalarches from surfaces of 48re notedGrishchenko V.F., Aksiuk O.M. and Honcharenko H.A.,
2014)

Based on the calculations made, a map of the average maximum snow height is constructe:
Taking into account the DEM, a map of the steepness of the slopdsuitaghe 8 ranges were
selected taking into account the degree of manifestation of avalanche activfy:12-25°, 25-30°,
30-35°, 3540, 4045, 4550°,50-6(° (Fig. 5-7).

To build an avalanche hazard map, a relief was identified within the areas of avalanche
formation. The following gradations of the average maximum depth of snow cover were also
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identified - less thar80 cm, 3650, 5370, more than 70 cnkor the entire setted territory, the 4
levels of avalanche hazard were determined. It is generally accepted that for the formation o
avalanches the lower limit of snow depth is 30 cm and the slope with a criticality of more than 12
degreesThe depth of snow is directielated to the height of the terrain and topograptaring
identified 4 gradations (zones) of the depth of snow and setting a lower limit for the occurrence of
avalanches, based on the obtained dependences, we constructed an avalanche haZ&e map.
selected zones respond: with a significant, moderate, weak and potential danger and with a zone wit
its absencéFig.9).

25 30° 35° 40° 45" 50* 55° 60"

Fig. 5. Most avalanches occur on slopes 3% 45°
(http://mountainacademy.salomon.com/en/demo/50/condifmraslab-avalanch®

N

Coerena wooprmmar: EPSG 4326 - WGS 84

© Yupsicuanh riapowereoponormh IncruryT, 2019

Fig. 6. Map of steepness of slopes (Polonyna Borzhava, Ukraini&@arpathians)

Mountainous territory is divided into four avalanche danger zones with corresponding
background values of the average maximum height of snow cover. The area with no avalanche dang
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is located on relatively flat terrain with an average maxinsmaw height of less than 30 cm. The
average maximum height of snow cover in the zone of weak and potential avalanche danger is withi
30-50 cm. The zone of moderate avalanche danger corresponds to the range of values of th
characteristic 500 cm. The ane of significant avalanche danger covers the area where the average
maximum height of snow cover exceeds 70 cm.

Fig. 7. Map of avalanche sitegPolonyna Borzhava, Ukrainian Carpathians)
CONCLUSIONS

The metadata conversion algorithm developed and the technology of compilation of
thematic maps using SRTM higtititude data, aerospace images, raster and vector maps is worked
out. The map is intended for scientific, geographic, recreational study of the territory.

The maps and developntsroffered in this work are capable of improving the quality of
avalanche forecasts and enabling users to determine the need for avalanche exploration if the intenc
area of construction falls into an avalanche zone and protects users from unnecegsary dan
It should be remembered that an avalanche threat may increase if the "avalanche forests" a
destroyed by pollution or unintentionally cut down.
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