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Foreword

Cooperation of the Danubian countries in the area of hydrology started in 1961,
hosting the first conference on hydrological forecast in Budapest. The
conference took place even before the International Hydrological Decade was
proclaimed (1965-1975), a 10-year program that provided an important stimulus
to international collaboration in hydrology, and before the International
Hydrological Programme of UNESCO was established. Since 1975, cooperation
has been conducted within the framework of the International Hydrological
Programme (IHP) of UNESCO. The XXVII conference, in a series of biennial
conferences alternatingly held by the Danubian countries, is now presented.

In 2014 the VIII phase of the IHP of UNESCO starts with the main topic "Water
security: Responses to local, regional, and global challenges”. To deal with
these complex, rapid environmental and demographical changes (e.g.
population growth and vulnerability to hydrological disasters, global and climate
changes, uncontrolled urban expansion, and land use changes) holistic,
multidisciplinary and environmentally sound approaches to water resources
management and protection policy are necessary.

Water security in IHP VIl is defined as the capacity of a population to safeguard
access to adequate quantities of water of acceptable quality for sustaining
human and ecosystem health on a watershed basis, and to ensure efficient
protection of life and property against water related hazards - floods and
droughts.

The XXVII Conference of Danubian Countries is taking place 26-28 September
2017, in Golden Sands, Bulgaria. It has been organized jointly by the IHP
Committee of Bulgaria, Bulgarian National Commission for UNESCO, under the
support of UNESCO and the National Institute of Meteorology and Hydrology —
Bulgarian Academy of Sciences.

The conference brings together more than 187 participants from 19 countries
from the Danube River Basin and outside Europe also.

We have maintained traditional structuring into the following topics:
. Basis of hydrology

. Hydrological data management

. Hydrological modelling and forecasting

. Disaster events

. Administrative structures for water management

. River Basin and Water Management

. Water quality and pollutants

0o N O O~ WDN P

. Ecohydrology



Danube Conference SO0 CONFERENGE OF THE DANUEIARN COUMNTHIES

=

O HYDROLSSICAL FORECASTING
2017 AND HYDROLOGIGAL BASES OF WATER MANASEMENT
26-28 September 2017, Golden Sands, Bulgaria

As usual an International and a Local Scientific Commission carried out the
scientific assessment and selection of the contributions and poster proposed.

The highest number of presentations covered Topic 2: Hydrological data
management and Topic 3: Hydrological modelling and forecasting.

The results of the conference, achieved through the presentations and
participation in plenary, oral and poster sessions, are summarized in the
present proceedings. We hope that they will have stimulated further research
and debate on the topics of hydrology.

We are proud to welcome you at the XXVII Conference of Danubian Countries
on the hydrological forecasting and hydrological bases of water management!

Plamen Ninov
Elena Bojilova
Bulgarian NC IHP UNESCO
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PLENARY SPEECHES

WATER POLICY AND HYDROLOGY IN THE COUNTRIES IN TRANSITION,
CLIMATE CHANGE AND FLOODS

Mitja Brilly
FGG University of Ljubljana, Slovenia

Corresponding author: Mitja Brilly, Faculty of civil and geodetic engineering, University of
Ljubljana Jamova 2, Ljubljana, email mbrilly@fgg.uni-Ij.si

UNESCOQO’s Electoral Group Il comprises former socialist countries that underwent
transition in the 1990s. The transition caused both positive and negative changes in
water policy. The policy lost the sense of long-term directions in developing water
management. Water regime processes typically take a long time and leave a permanent
mark on spatial morphology. Therefore, long-term plans and guidelines are necessary
for successful management. Politicians change in power relatively quickly, so they
have no need for long-term directions, as they are not able to carry out long-term plans.

In 2015, UNESCO celebrated its 70th anniversary, and UNESCO’s International
Hydrological Programme (IHP) its 50th anniversary. Region Il representatives met in
September 2015 in Moscow and adopted a common position on the problems in
hydrology in the countries in transition. Representatives of IHP committees met again
in March 2016 in Skocjan, Slovenia, and adopted a common position regarding the
problems in water management. Due to the reduced budgetary funds, in most countries
the funds for hydrological observations and research were cut. In Hungary, VITUKI,
the world-renowned water research institute, stopped its operations. Slovenia is an
exception in developing hydrological observations, where EU funds have been used to
update the hydrological observation network and produce a state-of-the-art system of
flood forecasting.

Due to Election Group II’s large territory expanding on two continents, interregional
cooperation, particularly with Regions | and IV, is extremely important. The
cooperation of IHP National Committees in the Danube River Basin started already
with the start of the International Hydrological Decade 1965-1975. XXV conferences
of the Danube countries have been held so far. The monograph on the river basin,
based on measurement data in the period 1930-1970, was published in 1988. Major
research achievements until 2008 were published in a monograph »Hydrological
Processes of the Danube River Basin« (2010). Please find more on the Danube
cooperation at http://www.unesco.org/new/en/venice/natural-sciences/water/danube-

cooperation/

In recent decades, the IHP UNESCO activities have focused on cooperation between
UNESCO Centers and UNESCO Chairs. As a Category 1 Center, IHP UNESCO-IHE
comprises 37 water-related UNESCO category 2 centres and 38 Water Chairs. We
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expect that the Chair “Water related Disaster Risk Reduction” will be announced
shortly.

With the growing population, industrialization and urbanization, the inundated areas
and wetlands have been consumed and, through river engineering, watercourses have
been regulated so that the space belonging to water has been reduced. Since ancient
times, and more intensively from the mid-19th century, riverbeds have been shortened
and narrowed, and levees have been built for flood protection; this resulted in the
serious reduction of floodplains and wetlands. The surfaces ‘taken” from rivers were
intended primarily for agriculture and urban development. The situation was similar in
Slovenia. Twenty years ago the maintenance of embankments of regulated natural
watercourses was brought to a halt, and the new practice was seen as eco-friendly
maintenance of watercourses. Many river banks were overgrown with bushes and the
space for water was only further reduced. In some places, the vegetation in the narrow
channels completely obscured the surface of the water. The serious damages due to the
recent floods and, last but not least, fatalities, are the price that we pay today. This
situation will be further aggravated by the expected impact of climate change. Since
2013, the Slovenian Committee of UNESCO IHP has taken part in the activities
focusing on the campaign ‘More Room for Water’. The activities of “‘More Room for
Water’ satisfy the requirements of both the EU Flood Directive and the Water
Framework Directive.

1. INTRODUCTION

The Eastern European IHP UNESCO region covers a large area of Eastern Europe and
North Asia, extending from the Mediterranean Sea to the Pacific Ocean and from the
Caspian Sea to the Arctic region. Countries of the region are: Albania, Armenia,
Azerbaijan, Belarus, Bosnia and Herzegovina, Bulgaria, Croatia, Czech Republic,
Estonia, Georgia, Hungary, Latvia, Lithuania, Former Yugoslav Republic of
Macedonia, Moldova, Montenegro, Poland, Romania, Russian Federation, Serbia,
Slovakia, Slovenia and Ukraine, Figure 1. The climate is very diverse, from humid to
arid, and mainly cold. Due to Election Group II’s large territory expanding on two
continents, interregional cooperation, particularly with Regions | and 1V, is extremely
important.
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The Russian Federation, as a member of IHP-UNESCO Regional group Il, maintains an
actively international cooperation in the field of transboundary waters with
neighbouring countries within the IHP-UNESCO Region I, Region Il and Region IV.
Cross-border cooperation is implemented in the use and protection of surface water and
marine areas.

International cooperation in the field of surface water is carried out in the framework of
intergovernmental agreements on the protection and rational use of transboundary water
bodies, concluded by the Russian Federation and neighbouring states - 5 countries in the
region 2 - Azerbaijan, Belarus, Ukraine, Finland and Estonia, and 3 countries of the
region 4 - Kazakhstan, China and Mongolia. Ongoing activities for the implementation
of the agreements is carried out by working bodies (bilateral commission, working
groups, etc.), conducting regular meetings to discuss hot points and topical issues of
bilateral cooperation.

2. RECENT DEVELOPMENT IN THE REGION

Over the last 15-20 years, the common strategy of Group Il countries in the fields of
hydrology a water resource has been mostly based on the development specificities of
these countries under the circumstances of radical changes occurring in their social and
economic areas. For most countries, these changes have had common negative effects,
such as reduction of hydrological networks and their technical backwardness, decreased
quality of observations, sharp reduction in budgets of scientific and technical
institutions, the reduction in the extent of scientific research and funding of international
cooperation, and practical cancellation of experimental research and of free data,
information and publication exchange.

As a result of the discussions and exchange of views regarding the reports and
communication of the responsible National Committees’ representatives, who were
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present in the meeting in, Skocjan Caves, Slovenia, 16-18 March 2016, among others
the following conclusions were adopted:

. Due to the geographical location of countries of the IHP UNESCO Group I, an
initiative for trans-regional cooperation with neighboring regions was expressed.
Examples of good practice of such cooperation are in the Danube basin, in the Nordic
region, and in Central Asia. Furthermore, setting up new relationships is recommended
in Central Asia region.

. The cooperation and support of IHP UNESCO in the field of hydrology in the
less developed countries of region Il in Europe and Asia should be improved (e.g.
through the UNESCO Secretariat, permanent delegations or national commissions for
UNESCO). Some effort should be made to establish IHP Committees in newly
developed countries. Also the information about the changes regarding the contact
persons of IHP Committees should be updated promptly.

. Water policy and hydrology need long-term planning for their proper
development. We would like to ask countries to produce such strategy documents and
increase funding for long-term hydrological observations. The collected hydrological
data should be used free of charge.

. Countries suggest that formal region IHP representative meetings are held yearly
or at least before Council meetings.

. Report on the hydrology in the Volga river basin should be translated and
published in English. The National Committees should also support publications or
translations of scientific work resulting from the cooperation within the Danube region
and thus keep this region being recognized by other scientific communities.

. Knowledge and technology transfer throughout the region is of high importance;
therefore, the international (or even global) conferences taking place within IHP
UNESCO’s Group Il must be supported. Countries give full emphasis on the
cooperation of Danube countries having the tradition of more than 60 years. The next
city hosting the conference following the Deggendorf 2014 conference will be Sofia,
Bulgaria, but not earlier than in late 2017.

. Better cooperation among the Danube Commission, the International
Commission for the Protection of the Danube River (ICPDR) and IHP Danube region is
necessary.

The region was established due to political and not geographical reason. There are
several well establish trans regional cooperation’s on water issue with long tradition.
Well known are:

1. The cooperation of IHP National Committees in the Danube River Basin with
the start of the International Hydrological Decade 1965-1975. XXVI
conferences of the Danube countries have been held so far. The monograph on
the river basin, based on measurement data in the period 1930-1970, was
published in 1988. Major research achievements until 2008 were published in a
monograph »Hydrological Processes of the Danube River Basin« (2010). Please
find more on the Danube cooperation at
http://www.unesco.org/new/en/venice/natural-sciences/water/danube-

cooperation/.
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2. The Nordic countries cooperation in the framework of BARENTS EURO-
ARCTIC council (BEAC). Working Group on Environment, Subgroup on Water
Issues. http://www.beac.st/en/Working-Groups/BEAC-Working-
Groups/Environment/\Water-Issues,

3. The Commission on the Protection of the Black Sea Against Pollution (the
Black Sea Commission or BSC), http://www.blacksea-commission.org/,

4. Hydro meteorological services of the Caspian countries with the active support
of the World Meteorological Organisation (WMO)in 1994 have established the
Coordinating Committee on Hydrometeorology and Pollution Monitoring of the
Caspian Sea (CASPCOM)
http://www.caspcom.com/index.php?razd=main&lang=2,

5. There is also need on Central Asia Cooperation between countries of IHP-
UNESCO Region Il and Region IV.

Electoral Group Il countries cover a relatively large area of Europe and Asia. Therefore,
there are distinct differences in climate, culture, and development. Furthermore, the
individual countries are affected by problems related to the scarcity of water resources,
water contamination and pollution, Tran’s boundary effects, and flood control. These
big differences lead to different interests of the individual countries. Although the
countries are joined in the electoral group, their cooperation and coordination of
positions are inadequate. The region suffers by water scarcity due to inadequate water
management and low level of cooperation. Also the region is presented only with 4
representatives in the IHP Council. We suggest increasing the number of representatives
up to 6, as are representatives of other regions. Increase of representatives of Il region
will promote and increase visibility of IHP activity in the region.

3. UNESCO CHAIRS AND CENTRES IN THE REGION

The UNESCO IHP water family has 37 chairs and 26 category two centers. Recently we
lost UNESCO IHE as category | center. Among others only 6 chairs are from Region II:

6. UNESCO Chair in Water Resources, established in 2001 at Irkutsk State University,
Russian Federation

9. UNESCO Chair in Hydrogeology, established in 2003 at the E6tvos Lorand
University, Budapest, Hungary

20. UNITWIN Network on Water Resources, established in 2009 at Irkutsk State
University, Russian Federation

22. UNESCO Chair on Water Resources Management and Ecohydrology, established in
2010 at the Water Problem Institute of the Russian Academy of Sciences, Russian
Federation

28. UNESCO Chair in Water for Ecologically Sustainable Development, established in
2012 at the University of Belgrade, Serbia

UNESCO Chair on Water Related Disaster Risk Reduction established in 2016 at the
University of Ljubljana

We have only three Category Il centers and two of them are in Belgrade:
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2. International Research and Training Centre on Urban Drainage (IRTCUD),
Established in 1987 in Belgrade.

9. European Regional Centre for Ecohydrology (ERCE) established in 2006 in Poland
22. Centre for Water for Sustainable Development and Adaptation to Climate Change
established in 2013 in Belgrade.

The trouble is that policy and development are close related to the UNESCO Centers.

4. RECENT DEVELOPMENT IN THE SLOVENIA

Twenty years ago the maintenance of embankments of regulated natural watercourses
was brought to a halt, and the new practice was seen as eco-friendly maintenance of
watercourses. Many river banks were overgrown with bushes and the space for water
was only further reduced. In some places, the vegetation in the narrow channels
completely obscured the surface of the water (Fig. 2). The serious damages due to the
recent floods and, last but not least, fatalities, are the price that we pay today; examples
are the floods of the Gradascica and Vipava River in 2010. To make matters worse, the
pressure on the water land is increasing in urban areas. A particular problem is the
culverting of streams for urban purposes. It is ecologically extremely inappropriate;
open water disappears from the environment in which it can only be enriched. Channels
are diverted and small streams are put in culverts, despite the requirements of the Water
Framework Directive. Water land which was often flooded is now occupied by
roadways and parking lots.

1990 2000

Fig. 2: Consequence of overgrowing vegetation.

This situation will be further aggravated by the expected impact of climate change. The
study prepared for the Sava River Basin Commission revealed that the 100-year return
period discharges will increase to 10-year return period discharges until the end of this
century (Brilly et al., 2014; Fig. 3).
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Fig. 3: Climate change impacts on probability curves of Water Station CateZ on the
Sava River.

Today, developments in urban water management should allow the increase of the room
for water and, moreover, give back to the river at least some of the space that it once
possessed. An important European project on this topic is underway in the Netherlands
entitled ‘Room for the River’ (Klijna et al. 2013). The project, worth several billion
Euros, covers 30 locations along the Dutch rivers. Similar activities are being carried
out in other European countries, and also in the USA.

5. CONCLUSIONS
In the recent twenty years, the countries in the region have been in political transition.

Transregional cooperation is crucial for the countries in the region.

Cooperation inside the region is not strong enough and not well organized and there are
not enough centers and chairs that would support UNESCO IHP activities.

Today, developments in urban water management should allow the increase of the room
for water and, moreover, give back to the river at least some of the space that it once
possessed.
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REGIONAL COOPERATION AMONG THE DANUBE COUNTRIES IN THE
FRAMEWORK OF THE INTERNATIONAL HYDROLOGICAL PROGRAMME —
IHP/UNESCO

Stevan Prohaska

Institute for the Development of Water Resources “Jaroslav Cerni”, Belgrade,
Serbia

e-mail: stevan.prohaska@icerni.co.rs

The General Conference of UNESCO established the International Hydrological
Programme (IHP) in 1965 within UNESCO'’s Division of Water Sciences. All
member states of the United Nations have formed their National IHP
Committees through which overall cooperation in IHP implementation is
achieved. A special International Council for IHP was formed at UNESCO in
Paris, along with a Secretariat responsible for global IHP implementation,
including monitoring and execution of certain themes and projects under a
predefined program of activities.

IHP projects are implemented by National IHP Committees of individual
countries, National IHP Committees for several countries in the region or in the
international river basin, and international and national science associations.
From the scientific point of view, IHP topics are closely linked to the activities of
international non-governmental organizations, such as the International
Association for Hydrological Sciences (IAHS), the International Association for
Hydraulic Research (IAHR), the International Hydrogeologists Association
(IAH), the International Irrigation and Drainage Commission (ICID), International
Water Resources Association (IWRA), and others.

The IHP International Council, as well as its Secretariat at UNESCO
headquarters, is responsible for the implementation of the IHP on a global scale
and for monitoring and coordination of the implementation of particular program
topics. Each country contributes to its own development by participating in the
implementation of individual projects in the International Program, within limits
of its material and personnel capabilities. At the same time, the achievements of
each country are available to other UNESCO member countries. This
knowledge transfer is one of the essential components of UNESCO programs.

Cooperation of experts from the Danube countries takes place in two directions,
through:
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* A regional conference of the Danube countries on hydrological forecasting,
and

* Regional hydrological monographs and thematic projects related to the
Danube River Basin.

1. REGIONAL CONFERENCE OF THE DANUBE COUNTRIES ON
HYDROLOGICAL FORECASTING

The first conference of the Danube countries on hydrological forecasting was
organized in Budapest in 1961, on the initiative of then distinguished scientists
in the Danube region (Dumitrescu, Kaczmarek, Kalinin, Lasyloffy and others).
The idea was to bridge the gap between two blocs — at the time eight Danube
countries were behind the iron curtain. These conferences of the Danube
countries have acquired a rich tradition as the main gathering point for
exchange of experiences and synthesis of hydrological knowledge in the
Danube River Basin.

In the beginning, the regional conferences of the Danube countries were held
every other year, consecutively in each of the eight Danube countries. The
order of the host countries was determined at meetings of experts. So far 26
conferences have been held. The chronological order of the conferences, the
venues, the number of participants, and participants’ gender proportions are
shown in Table 1. As the number of the Danube countries grew, this regional
forecasting conference changed its name to Conference of the Danubian
Countries on Hydrological Forecasting and Hydrological Bases of Water
Management.

Table 1 List of Conferences of the Danubian Countries on Hydrological Forecasting and
Hydrological Bases of Water Management

Number of % distribution by gender
Conference Year Venue e ¢
participants men women
| 1961 Bucharest 25 100 -
Il 1963 Graz 16 100 -
1" 1965 Bucharest 25 98 2
v 1967 Bratislava 16 87 13
Vv 1969 Belgrade 51 89 11
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VI 1971 Kiev 52 94 6
Vi 1973 Varna 42 85 15
VIl 1975 Regensburg 65 92 8
IX 1977 Budapest 51 82 18
X 1979 Vienna 44 87 13
Xl 1982 Bucharest 58 92 8
X 1984 Bratislava 74 93 7
Xl 1986 Belgrade 49 92 8
W\ 1988 Kiev 45 81 19
XV 1990 Varna 48 87 13
XVI 1992 Kelheim 91 83 17
XVII 1994 Budapest 127 87 13
XVII 1996 Graz 138 87 13
XIX 1998 Osijek 137 74 26
XX 2000 Bratislava 155 64 36
XXI 2002 Bucharest
XX 2004 Brno
XXM 2006 Belgrade 309 64 36
W\ 2008 Bled 272 59 41
XXV 2011 Budapest
XXVI 2014 Deggendorf

2. REGIONAL HYDROLOGICAL MONOGRAPHS AND THEMATIC
PROJECTS RELATED TO THE DANUBE RIVER AND ITS BASIN

In order to improve the utilization efficiency of the Danube’s water potential and
upgrade flood protection, the Danube countries launched an initiative in 1970 to
begin the development of a Hydrological Monograph on the Danube River
Basin. This initiative was consistent with one of the main objectives of the
International Hydrological Decade of IHD UNESCO (1965-1974), to encourage
regional cooperation in the field of hydrology in international river basins.
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The first outcome of the regional cooperation of the Danube countries in this
regard was the publication of national monographs:

"Hydrological balance of the Danube River"

produced applying the same methodology in all eight Danube countries.
The coordinators of the entire undertaking were:

* Institute VUVH from Bratislava

which coordinated the work of a group of experts from Czechoslovakia
(CS), Hungary (H), Bulgaria BG) and the Soviet Union (SU), and

» Technical Secretariat (NC for IHP YU) from Belgrade

which coordinated the work of a group of experts from Germany (D),
Austria (A), Yugoslavia (YU) and Romania (RO).

During that period (from 1971 to 1986), experts from all eight Danube countries
met every other year and coordinators each year, and agreed to create a single
monograph for the entire Danube River Basin. Following harmonization of data
and water balance maps between neighboring countries, the following
publications were issued:

1. "Die Donau und Ihr Einzugsgebiet — Eine hydrologische Monographic” in
German (Munchen, 1986), and

2. "Donau i ego basseyn — Gidrologicheskaya Monografiya" in Russian.

3. Representative monograph "Hydrology of the River Danube”, printed in four
languages (English, Russian, German and French) (UNESCO, Bratislava
1988).

With the collapse of socialist countries in Eastern Europe, new countries were
formed in the Danube River Basin (now 19 in total), which also joined the
regional cooperation effort under UNESCO IHP. Today, active participants in
regional cooperation are National IHP Committees of the following countries:

IHP National Committees that have signed the "Principles":

Germany (D), Austria (A), Czech Republic (CZ), Slovakia (SK), Hungary (H),
Slovenia (SL), Croatia (CR), Bosnia and Herzegovina (BiH), Serbia (SR),
Romania (RO), Bulgaria (BG), Moldova (MD), and Ukraine (UA).

IHP National Committees which have not signed the "Principles":
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Switzerland (CH), Italy (1), Poland (PO), Albania (AL), Macedonia (MC) and
Montenegro (MN).

In the period from 1993 to 2017, the above-mentioned Danube countries
participated in the implementation of eleven thematic projects. So far, the
following projects or subprojects have been completed and published, while
some are in the process of implementation:

1. Project N° 1: Sediment regime of the Danube and its tributaries (Budapest,
1993 — Head Dr. Rakoci, Hungary) — in Russian and German.

2. Project N° 2: Thermal and ice conditions of the Danube and its major
tributaries (Bratislava, 1993 — Head Dr. Stancikova, Slovakia) — in Russian and
German.

3. Project N° 3: Long-term fluctuations of precipitation in the Danube basin (NK-
IHP Austria) — unfinished project.

4. Project N° 4: Coincidence of flood flow of the Danube River and its tributaries
(Bratislava, 1999 — Head Dr. Prohaska, Yugoslavia) — in English.

5. Project N° 5: Reambulation of the Hydrological Monograph of the Danube
River Basin

a. Subproject N° 5.1: Inventory of the main hydraulic structures in the
Danube Basin (Bucharest, 2004 — Head Dr. Pasoi, Romania) — in
English.

b. Subproject N° 5.2: Flow regime of the River Danube and its Catchment
(Koblenz, 2004 — Head Dr. Belz, Germany) — in Russian, English and
German.

c. Subproject N° 5.3: Basin-wide water balance in the Danube River Basin
(Bratislava, 2006 — Head Dr. Petrovi¢, Slovakia) — in English.

d. Subproject N° 5.4: Characterization of the runoff regime and its stability
in the Danube Catchment (Budapest 2006 — Head Dr. Kovacs, Hungary)
— in English.

6. Project N° 6: The condition of the Danube riverbed

a. Subproject N° 6.1: Palaeogeography of the Danube and its Catchment
(Budapest, 1999 — Head Dr. Nepel et al., Hungary) — in English.

b. Subproject N° 6.2: The Danube River channel training (Bratislava, 1999
— Head Dr. Stancikova, Slovakia) — in Russian and German.

c. Subproject N° 6.3: The fords of the Danube (Budapest, 1993 — Head Dr.
Goda, Hungary) — in Russian and German.

d. Subproject N° 6.4: Meanders and falls on the Danube River and
geomorphological parameters in the riverbed (Analysis of
geomorphological processes) — unfinished subproject.
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7. Project N° 7: Regional analysis of annual peak discharges in the Danube
Catchment (Bucharest, 2004 - Head Dr. Stanescu, Romania) — in English.

8. Project N° 8: Hydrological bibliography referring to the Danube Basin

a. Subproject N° 8.1: Hydrological bibliography referring to the Danube
River Basin (Koblenz, ??? — Head Dr. Schreoder, Germany) — unfinished
subproject

b. Subproject N° 8.2: Danube River Basin coding (Ljubljana, 2000 — Head
Dr. Brilly, Slovenia) — in English, Russian and German.

9. Project N° 9: Flood regime of rivers in the Danube Basin (Bratislava, Head
Dr. Pekarova, Slovakia) — unfinished project.

10. Project N° 10: Sediment balance in the Danube Basin (Vienna, Head Dr.
Nachtnebei, Austria) — unfinished project.

11. Project N° 11: Low flow and hydrological drought in the Danube Basin
(Sofia, Head Dr. Dakova, Bulgaria) — unfinished project.

Experts from the Danube countries provide data from their territory for the
development of thematic projects, participate in the assessment of results, and
approve publication. The work of experts from the Danube countries is carried
out at regular working meetings (once a year in certain countries) and
extraordinary working meetings (once in two years — during the Conference of
the Danube Countries on Hydrological Forecasting). The working meetings are
managed by the country/expert coordinator selected at two-to-three year
intervals, each time from another Danube country.

As a crown to the successful cooperation of the Danube countries, the book
"Hydrological Processes of the Danube River Basin — Perspectives from the
Danubian Countries" was published by Springer in 2010. It was edited by Mitja
Brilly (SLO).

A list of current coordinators of regional cooperation in the Danube countries in
the field of hydrology is given in Table 2.

Table 2 List of chief coordinators from the Danube countries in the field of hydrology

Phase of Chief coordinating
cooperati Period Results/ Publications
on Institution(s) Expert(s)
(a) Water resources (a) A. Sikora (CS), A. 1. Eight National Monographs
| 1971-1986 Institute VUVH, "Hydrological balance of the
Bratislava (CS) Stancik (CS) River Danube"
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(b) Technical Secretariat,
Beograd (YU)

(b) S. Jovanovi¢ (YU)
M. Andjeli¢ (YU)
S. Prohaska (YU

M. Miloradov (YU)

Published in each Danubian Country.

2. Hydrological Monograph
"Danube and its Basin"

Published in Miinchen, 1986 (G)
In Kiew , 1988 ®

3. Representative Monograph
"Hydrology of the River

Danube"
Published by UNESCO in
Bratislava,1988 (G, F, R, E)

1987-1992

German IHP/OHP
National Commitee

K. Hofius (D)

1993-1996

Austrian IHP National
Commitee

0. Behr (A),
D. Gutknecht (A),

F. Nobilis (A)

4. "Sediment regime of the
Danube"
Published in Budapest, 1993 (G,R)

5. "Thermal and ice conditions
of the Danube and its major
tributaries"

Published in Bratislava, 1993 (G,R)

6. "The fords of the Danube"
Published in Budapest, 1993 (G,R)

1999-2002

Slovak IHP National
Commitee

P. Miklanek (SK),

P. Petrovi¢ (SK)

7. "Coincidence of flood flow
of the Danube River and its
tributaries"

Published in Bratislava, 1999 (E)

8. "Palaeogeography of the
Danube and its Catchment"
Published in Budapest, 1999 (G,R)

9. "The Danube River channel
training"
Published in Bratislava, 1999 (G,R)

10. "Danube River Basin
coding"
Published in Ljubljana, 1999 (E, G,R)

2003-2005

Hungarian IHP/OHP
National Committee

M. Domokos (H)

11. "Regional analysis of annual
peak discharges in the
Danube Catchment"

Published in Bucharest, 2004 (G,R)

12. "Inventory of the main
hydraulic structures in the
Danube Basin"

Published in Bucharest, 2004 (G,R)

13. "Flow regime of River
Danube and its Catchment"
Published in Koblenz/Baja, 2004
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(E.G,R)

14. "Basin-wide water balance
in the Danube River Basin"
Published in Bratislava, 2006 (E)

15. "The hydrological meta-
database of the countries
sharing the Danube
Catchment"

Published in Koblenz/Baja, 2008
VI 2006-200g | 'HP National Commitee |, o ooy sr) | ECR)
of Serbia

16. "Characterization of the
runoff regime and its
stability in the Danube
Catchment"

Published in Budapest, 2006 (E)

17. "Long-term fluctuations of
precipitation in the Danube
Basin"

18. "Flood regime of rivers in
the Danube Basin"

. . In procedure

viI 20002011 | P Nat'foga' Commitee D. Biondié (CR)

of Croatia 19. "Sediment balance in the
Danube Basin"

In procedure

20. "Low flow and hydrological
drough in the Danube
Basin"

il 2012-? IHP National Commitee | 1, o 4 iescu (RO)
of Romania
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TOPIC 1: BASIC OF HYDROLOGY

ISSUES OF INTRODUCING THE MODERN INSTRUMENTS OF
HYDROMETRIC MEASUREMENTS IN THE HYDROMETEOROLOGICAL
SERVICE OF UKRAINE

Viacheslav Manukalo®, Mykola Nastiuk? Natalia Samoylenko®

YUkrainian Hydrometeorological Institute, “Chernivtsi Centre on Hydrometeorology,
3Central Geophysical Observatory

Corresponding author: V. Manukalo, Ukrainian Hydrometeorological Institute, 37, Nauki Prospect,
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ABSTRACT

Improving the accuracy and timeliness of hydrological forecasts, as well as the
assessment of water resources requires a technical upgrade of the network of
hydrometric measurements of the Ukrainian Hydrometeorological Service. Currently
the Hydrometeorological Service is undertaking efforts for putting in operation the
modern technology for hydrological measurement, first of all, the automated
measurement stations and devices which use the advanced technologies of measuring
the river flow. In the paper are presented some results of operation in the Regional
Centre on Hydrometeorology (CHM) located in the Chernivtsi city: a) the automated
hydrometeorological stations: PHMA (produced by the Ukrainian enterprise
“Techprylad”, located in the Lviv city) and Vaisala HydroMet™ MAWS100 (produced
by the Vaisala Oyj, Finland); b) OTT Qliner2 device for a mobile measurement of river
flows. The analysis of problematic issues has allowed to develop and put in operation a
number of methodological and organizational recommendations for more efficient use
of modern hydrometric instruments in the hydrometeorological service of Ukraine.

Keywords: Modern Instruments, Using, Experience

1. INTRODUCTION

Improving the accuracy and timeliness of hydrological forecasts, as well as the
assessment of water resources requires a technical upgrade of the network of
hydrometric measurements of the Ukrainian Hydrometeorological Service. Currently
the Hydrometeorological Service has undertaken efforts for putting in operation of
modern technology for hydrological measurement, first of all, automated measurement
stations and devices which use the advanced technologies of measuring the river flow.
A number of results of exploitation of above mentioned equipments in the Ukrainian
Hydrometeorological Service have been obtained. These results allow us to draw some
conclusions about the possibilities of these technologies and to consider problematic
issues related to their operation.

The aim of this article is presenting some results of exploitation in the Regional Centre
on Hydrometeorology (CHM) located in the Chernivtsi city: a) the automated
hydrometeorological stations: PHMA (produced by the Ukrainian enterprise
“Techprylad”,located in the Lviv city) and Vaisala HydroMet™ MAWS100 (produced
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by the Vaisala Oyj, Finland); b) OTT Qliner2 device for a mobile measurement of river

flows.

CHM is responsible for providing hydrological measurements on the Dniester, Prut and
Siret rivers and their tributaries. These rivers are located in Carpathian mountains region
and have the very complicated hydrological regime with often river floods of different
origin.

2. DISCUSSION OF RESULTS
2.1. Automated hydrological stations

The Ukrainian station have been started to put in operation in 2007, the Finnish station
- in 2012. The Ukrainian and Finnish automated stations provide with a measurement of
water level, water and air temperature as well as precipitation with the subsequent on-
line transmission of measured parameters to the forecasting centers. The operation of
the Finnish station, including, the collection and processing of measured data is
provided by the Vaisala Data Logger QML 201 platform with the Vaisala Setup
Software Lizard. The software Ukrainian produced is used in the Ukrainian station.
Following problematic issues were identified in the operation of stations.

Hardware. Ensuring a reliable function of water level sensor in the Ukrainian station
and precipitation sensor in the Finnish one were the most common problems in their
work. Two types of sensors for water level measurement are used in the Ukrainian
station: 1) which works on the principle of measuring a hydrostatic pressure; 2) which
works on the barbotage principle.

In the first case, the failure in the work of sensor was related to a damage of hose and an
ingress of water inside this device. The maintenance of pressure in a system for
operation of second type of sensor is needed. The special compressor is provided the
pressure in the system. This complicates the work of system, and in the case of reducing
the pressure in the system, causes the water level measurement errors. Sometimes these
errors can reach up to 8-10 cm.

In the Finnish station the ice has been formed in the enclosure of sensor for measuring
the precipitation at the negative air temperatures. This factor was the reason of reducing
the amount of measured solid precipitation.

Shortcomings in the work of mentioned sensors were eliminated by producers of
stations in accordance with the recommendations of the operators. As to the accuracy of
measurement of the water level, both stations provide practically the same accuracy.
This was confirmed by parallel measurements of water levels on the automated stations
and on the stationary points of hydrometric measurements (Fig.1).

Data transmission. The initial use of GSM modems in the Ukrainian stations for data
transmission proved costly. The GPRS network and Internet are used for data
transmission from Ukrainian and Finnish stations to forecasting centers now.

In spite of mentioned issues the both of automated stations showed the efficiency of
their operation: the Ukrainian stations - during the extreme rainfall floods in the
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Dniester river basin in 2008 and 2010; the Finnish stations - during the spring flood in
the Prut river basin in 2013.
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Fig 1. Graph of connection of water levels measured with using the staff gauge and
with using the technical complex Vaisala HydroMet ™ MAWS100 on the Prut river at
Chernivtsi city for the period April - June 2013

2.2. OTT Qliner2 device

The accuracy of this device measurement was assessed in 2012 — 2013 by comparing
discharges of water, which were measured with using this device and with using the
traditional current water meters. The measurement of water discharges was carried out
on the Dniester river at the Mohilev-Podolsky city, on the Prut river at the Chernivtsi
city, on the Prut river at the Marshyntsi village, on the Siret river at the Staroginets
town. The complex structure of river channels is characterized for all cross-sections,
except the Dniester river at the Mogilev - Podolsky city. The comparative
measurements of water discharges have been performed mostly during the summer-
autumn periods with the low flow and during the period of recession of spring flood.
Depths of water in river channels were measured in the traditional way with using
hydrometric winches, as well as with using the instrument OTT Qliner 2 in the pillars of
water, consisting of sections of 30 x 30 cm. The differences in a structure of river
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channels, as well as in principles of measuring hydrometric parameters between current
meters and ultrasonic flow meters do not allow to measure water discharges with using
Qliner2 exactly on the same vertical as with using the hydrometric winches. That leads
to some minor differences in depths measured on some velocity verticals (Fig. 2), but
these differences do not affect significantly the accuracy of measuring water discharges.
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Fig 2. Profiles of the cross-section of the Prut river at Chernivtsi city measured by
different devices

The deviations in the water discharges measured with using different ways are presented
in the Table.

Table

The results of comparative measurements of water flow by means of current
meters and ultrasonic flow meter

River- gauging station Date of | Water discharges (m/s) | Deviation
measuring | measured with using
OTT Qliner | Current
2 meter
Prut river - Chernivtsi city 05.04.2012 38.2 37.7 +1
1 2 3 4 5
1 2 3 4 5
Prut river- Chernivtsi city 22.08.2012 18.8 194 -3
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Prut river - Chernivtsi city 23.10.2012 155 16.3 -5
Prut river - Chernivtsi city 14.11.2012 26.8 26.1 +3
Prut river - Chernivtsi city 05.03.2013 32.8 32.5 +1
Prut river - Chernivtsi city 08.04.2013 195 228 -14
Prut river - Chernivtsi city 23.04.2013 116 120 -3
Prut river - Chernivtsi city 02.07.2013 67.7 78.1 -13
Prut river - Chernivtsi city 23.07.2013 32.3 33.7 -4
Prut river - Chernivtsi city 05.08.2013 21.1 23.5 -10
Prut river - Marshyntsi village 11.07.2012 30.3 30.6 -1
Dniester river — Mokhilev - | 04.10.2012 153 146 +5
Podolskyi city

Siret river — Storoginets town 24.04.2013 5.71 6.22 -8

The Table’s data shows that the deviations in the measurements of water discharges
don't exceed 15%. There are two groups of reasons of these deviations: a)
methodological ones, which are related to differences in technologies of measurements;
b) hydrological and geomorphological ones, which are related to the hydrological
regime of rivers during measuring the river flow, as well as morphometric features of
river channels.

Among undoubted advantages of using the OTT Qliner2 device can be indicate
following: a) quickness of measuring a water flow, including, during the periods of river
floods. The duration of measuring water discharges vary from 10 up to 30 minutes
depending on hydrological conditions and the river width; b) ability of measuring flow
rates, practically, from 0.01 m/s up to 10 m/s. In the case of using the current meters
we can measure flow rates only from 0.05 m/s up to 3.5 m/s; c) ability of using under
the high turbidity water and the presence of debris in the water stream; d) availability of
application software installed on a PC, which allows us to identify and present in the
graphic or tabular forms data about water discharges; cross-sectional areas; average,
minimum and maximum flow rates; average depths and hydraulic radius of flow rates;
the wetted perimeter and width of rivers; e) ability determining the exact time of
measurement (it is important for rivers with sharp fluctuations in water levels during
period of hydrometric works), and to identify the direction of flow at every velocity
verticals.

Among functionality limitations of ultrasonic water flow meter (model OTT Qliner 2)
can be indicated following: a) inability using it during the freeze-up and ice events in
the river; b) this model of the device does not allow to interpolate the spatial parameters
of hydraulic flow, which reduces its function potentialities compared with the more
modern ultrasonic flow meters.
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3. CONCLUSIONS

The experience gained by experts from the Chernivtsi Regional Centre on
Hydrometeorology has allowed to develop the skills to work with modern hydrometric
equipment, to assess their advantages and to identify problematic issues in their
practical application. The generalization of obtained experience makes it possible to
give some recommendations that may be useful in the further technical development of
the hydrological network of the Hydrometeorological Service of Ukraine.

The operational exploitation of the automated hydrometeorological stations and mobile
device for a measurement of river flows has shown the promise of their use for practical
and scientific purposes. The automated hydrometeorological stations significantly
improve the efficiency of hydrological forecasting. The information from these stations
Is a prerequisite of increasing an earliness and an accuracy of hydrological forecasts and
warnings. The use of the mobile ultrasonic water flow meter allows to obtain the
important information about the dynamic of changing hydraulic parameters in the beds
of mountain rivers, that is impossible when we use conventional methods of measuring
river flow. The use of ultrasonic flow meters is effective during flood periods, when
there is no a possibility to measure river flow using hydrometric current meters.

Putting in operation of the modern high-tech hydrometric technologies also requires
solving a number of methodological and organizational issues, among them we would
like to indicate following: a) it is necessary to include the issues of using the modern
technologies of hydrometric measurements in the regulatory guidelines on hydrological
measurements used in the Hydrometeorological Service; b) creating the service center
(possibly - several centers) to service the modern hydrometric equipment; c) creating
the permanent system for training (retraining) the hydrological personnel to work with
the modern hydrometric equipment.
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ABSTRACT

Using a series of meteorological elements for monitoring climate, water balance
calculations, evaluation of water resources requires a more thorough quantitative
verification of representativeness and homogeneity of series of observations. Particular
attention should be paid to the benchmark climate stations (BCS). Methodical
approaches to the estimation of "creeping" heterogeneity in the ranks of meteorological
elements. For example, observational data of meteorological stations Kyiv, which is of
benchmark climate stations shows the sequence of calculations to identify "creeping"
heterogeneity in the ranks of average values of air temperature, water vapor pressure,
wind speed and precipitation amounts in January and July for the period 1981-2010
years. The calculation results showed statistically significant value “creeping"
heterogeneity ranks only wind speed in summer.

Keywords: climate monitoring, representativeness of observational data, benchmarks
climate station, city’s influence, «creeping» heterogeneity

1. INTRODUCTION

For monitoring and climate research, identifying its natural fluctuations and human
impact are important measurement data held in the benchmark climate stations
Hydrometeorological Service (hereinafter - BCS) [3]. BCS - meteorological station for
consistent continuous number of similar observations not less than 30 years, located in
places where environmental change caused by human activities are minimal. These
stations are designed to establish the age trends changing climate in a particular area.
Therefore, it is important to periodically check the representativeness of observational
data, especially in cases where the stations are located within large urban areas, which
can affect weather conditions.

The station is representative (typical) if the results of observations are indicative for the
surrounding area (within a radius of several dozen kilometers). Because of this
observation, stations can get the value by interpolation points in the surrounding area
with some precision adopted in accordance with the method provided the
meteorological regime of the territory is homogeneous.

In particular, it is recommended to periodically check series of meteorological
observations for the so-called "creeping™ heterogeneity, which may be due to changing
weather conditions under the influence of the city.
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In the Ukrainian Hydrometeorological Institute conducted the study to clarify the
methodological approach to the evaluation of "creeping” heterogeneity in the ranks of
meteorological variables and provides detailed examples for conditions Ukraine [3].

2. INITIAL DATA AND METHODOLOGICAL APPROACHES

To identify "creeping” heterogeneity using a technique which consists in building a
"stepwise trend" and assessment of statistical significance of changes in the level range.
It does not analyze the value of meteorological elements. The analysis of differences or
relationships values of meteorological elements measured at stations located within the
city, and the nearest station is located in an area where human impact on meteorological
conditions can be considered minimal. If “creeping" heterogeneity among
meteorological values should be observed several relatively small but growing or
flowing from the values of step homogeneous areas. When assessing the presence of
"creeping"” heterogeneity in the ranks of meteorological variables can be divided into
two main stages.

In the first stage of determining changes level meteorological variables in the time. The
ranks divided into intervals within which the process of changing in the time difference
can be considered homogeneous. In the second stage determine how changes
differences between homogeneous areas statistically significant.

Definition of homogeneous regions in the sequence of meteorological variables
performed as follows. Members of the chronological series of differences numbered
from 1 to N. The entire range of the differences is divided into equal on size gradations.

For approximate estimation of the required number of gradationsn, , which is divided
set of variables N used the formula [2]:

n, =~/N. (1)

Countdown differences in each gradation start the from the first number and the first
difference in each gradation is the difference between the number N= 1 and the first
number that came to this graduation. The final difference in every gradation calculated
between the last number totality of differences and the last number of gradations.

If you find that two adjacent numbers in a given gradation remote far apart and the
difference between them more than a certain critical value, it gives reason to believe
that they belong to two different stationary plots, ie there between the differences big
gap. Critical values for each gradation difference is calculated using the formula:

ACR:ﬂ’CR'NK/\/mi ' (2)
where N, - the last number of graduation;
m, - the number of cases of graduation;
Acg - Statistics Kolmogorov [1, 3, 4].

Taking the probability of exceeding 99.99% (corresponding to the level of significance
0,01%) on the Table of Kolmogorov find appropriate this level statistical value = 0,33.

Next, consider a couple of numbers with the lowest number on the left. Choose a pair
of numbers with others gradations. Their number the left does not exceed to the right in
this graduation. That is, choose a pair of crossing this. Of all the numbers of couples are
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crossing this, choose the smallest number of year in which there was a the first change
level in the ranks (ie, number of year, which ends the first part of the uniform the rank).

Then choose the next closest to this part of the rank a couple of numbers. So, find a
second number, which varies the level of the rank (second change level in the ranks).
This procedure is repeated until the entire rank is exhausted. It should be noted that the
Year of violation of homogeneity is the beginning of the next permanent part of the
rank.

For all identified homogeneous parts is calculated averages. Thus prepared stepwise
function, which determined whether or not “creeping” heterogeneity in chronological
series of meteorological values. If it is present, it should be observed several relatively
small but growing or killing homogeneous parts studied sequence characteristics.

3. THE RESULTS AND DISCUSSION

The results of the study "creeping" heterogeneity in the ranks of meteorological
elements shown in Fig. 1-4. We studied the average value of air temperature, water
vapor pressure, wind speed and precipitation amounts for July and January for the
period 1981 -2010 years. We studied the weather station observations Kyiv (city center)
and her closest weather stations located outside the city -Vyshhorod and Boryspil.

Analysis of step functions homogeneous of a difference meteorological elements in
(Kyiv) and out of town (Vyshgorod Boryspil) in July and the month of January showed
that “"creeping” heterogeneity is present only in a chronological series of differences in
average wind speed in July and January (Fig. 3) for Kiev-Borispol weather stations. The
growing consistently uniform steps confirm this.
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Fig. 1: Dynamics of difference average temperature for July and January for the period 1981-
2010 years in the city (Kyiv) and out of city (Vyshgorod, Boryspil) and step function
homogeneous parts
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Fig. 4: Dynamics of differences in average amount of precipitation for July and January for the
period 1981-2010 years. in the city (Kyiv) and out of town (Vyshgorod, Boryspil) and step
function homogeneous parts

To test the statistical significance obtained values of abrupt changes in these differences
in average wind speed in July 1993 Student test was used [3, 4]. Level changes
differences in average wind speed in 1993 were statistically significant.
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ABSTRACT

The modernization of hydrometric equipment became extremely importants because of
the increasing actuality of sustainable water protection in recent years. The present
paper presents four innovative means of water discharge measurement:

1.Hydrometric current metter (model C31, brand OTT Germany.
2.Magnetic induction hydrometric device (model CLS, brand OTT Germany).
3.Acoustic hydrometric device (model Q Liner2 ADCP Boat, brand OTT Germany).

4.Non-contact water discharge measurement device by means of radar technology for
open flows (measurement in condition of high waters).

The main objective of the conducted experiments is to determine the accuracy of the
measurements as well as to test the feasibility of the equipment in the operational
activities of NIMH-BAS.

The experiments were carried out in the laboratory of Hydraulics of NIMH. The
reference instrument used was a high accuracy flow meter.

Some of the facilities in consideration were already cheked in practical measurements
on our rivers and provided good results.

Keywords: current meter, measurements, open channel, rivers, modernization
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1. INTRODUCTION

Discharge is the volume of water moving down a stream or river per unit of time,
commonly expressed in cubic feet per second or gallons per day. In general, river
discharge is computed by multiplying the area of water in a channel cross section by the
the average velocity of the water in that cross section average velocity of the water in
that cross section:

. ‘ In each subsection:
L~ Area = Depth x Width
Velocit
v Depth Discharge = Area x Velocity

Current-meter discharge measurements are made

by determining the discharge in each subsection of a channel
cross section and summing the subsection discharges to obtain
a total discharge.

Figurel. Determining the discharge of water in the river or open channel

Figure:1 Determining the discharge of water in the open river or open channel ,
comparison of modern innovative hydrometric methods allows precise measurement of
direct measurements and comparison at high water stage and low stage. In this report,
we make laboratory measurements that will determine the error of each instrument, we
using a high precision reference flow meter.

1.1 Hydrometric current meter (model C31, brand OTT Germany).

A current meter is a device with a rotor which revolves at a speed which is a
function of the local velocity of flow. By placing the current meter at a point in the
stream and recording the number of revolutions over a known period of time, the
velocity at that point can be determined from the revolution-velocity rating of the
current meter. The number of revolutions of the rotor is obtained by an electrical circuit
through a contact which completes the circuit at a selected number of revolutions. The
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electrical impulse produces an audible signal in a buzzer or is registered on an electrical

counter. The time is determined by a stop watch or by a timer built into the counting

instrument. There are two common types of current meters, the cup-type and the

propeller-type.

Figure2. Horizontal-shaft propeller-type current meter

We use propeller-type current meter consists of a propeller revolving about a
horizontal shaft, two bearings in an oil chamber, the current-meter body containing the
electrical contact, tail-piece with-vane, and means of attaching the instrument to the
suspension equipment. The current meter may be provided with one or several
propellers which differ in pitch and diameter. (Figure 2). Horizontal-shaft propeller-type
current meter (On). The ideal current meter, when held rigidly at right angles to the
measuring cross-section, will register the normal flow component when subjected to
oblique flow. Only the propeller-type current meter can meet such a design requirement
and component propellers are available which integrate flow within a range of angles
varying up to 45° about the normal to the measuring cross-section.

1.2. Measurement of water quantity - in the Hydraulic Laboratory of NIMH-BAS.

Hydraulic Laboratory tests hydrometric propellers as the method used is a method of
treatment. The hydrometric channel it is width: 0.60 cm, a height: 0.60 cm, a water
surface: 0.44 cm. Comparisons are performed with a high precision reference flow
meter. Measurements are made in three verticals, in a different position on the
hydrometric propeller. The following table 1, shows measurement data with a universal
hydrometric propeller C31, as well as the measured Discharge, compared to the
reference flow meter
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Table.1 Measurement with a universal hydrometric propeller C31

_ | Velocity Velocity O-each
Verticals Distance |Depth |(ach vertical f . Q
ooint) (Average) point
- m. m. m/s m/s A - m3/s
Starting )
point 0 0,44 |Vv=0,381 \VV=0,381| - -
\/ 0,2=0,456 0,02 0,02
1 0,1 0,44 |V 0,6=0,428 (0,423 (0,086 [0,461
\/0,8=0,382 0,044
V 0,2=0,505 0,0424 |0,0424
2 0,195 | 0,44 | v0,6=0,505 0,503 |0,086 0,494
V0,8=0,496 0,0858
V0,2=0,500 0,0397 |0,0397
3 0,49 | 0,44 |V0,6=0,495 (0,485 0,044 0,463
V0,8=0,454 0,0858
End point| 059 | 0,44 | V=0,436 0,017 0,017
Quantity:| 0.120m3/s

Comparison with a reference water meter =0.126 m3/s
Discharge = 0,126 — 0.120
Discharge= 0.006 m3/s

MFERENCE OF THE DANUBIAN COUNTRIES

e

2. Magnetic induction hydrometric device (model Current meter Sensa Z 300,
brand OTT Germany).

The Nautilus C 2000 Electromagnetic Flow Sensor is designed for the portable
measurement of very low flow velocities from 0.000 m/s up to 2.5 m/s. Nautilus is the
ideal help for site conditions where the conventional current meters can no longer be
used, plant loaded or contaminated water, marginal zones of river banks, shallow water,
low velocities. The velocity in m/s is directly indicated on the clear display of the
portable SENSA Z 300 Velocity Indicator. Measurement of lowest velocities as from
0.000 m/s. and in shallow water as from 3 cm depth.

No moving parts, thus wear-resistant and maintenance-free.

Direct velocity readout in m/s. (0...60 s.).
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Independent of any parameters, such as temperature, suspended sediment concentration

salinity.
Averaging intervals programmable

Table.2 Measurement with a magnetic induction hydrometric device (model Current
meter Sensa Z 300, brand OTT Germany)

Vertuﬁ Distance Dept MeaSl'JDI(’)Iiﬁ Velocity Velocity Area| Velocity
s Discharge
- M. M. - M. m/c m/c va m/c Mlc
Start
point 0 044 | - | - - 0405225 | G044 | 0428 0.019
0.2 009 | 058 ' ' '
0.6 | 0.26 | 0.387
! 01 044 08 035 | 0447 045
1 | 044 0
oo 0.0858 0.497 0.043
0.6 | 0.26 | 0.525
2 0.295 044 1708 1035 | 0545 0-543
1 | 044 0
T RET R 0.0858 0.497 0.043
0.6 | 0.26 | 0.467
3 0.49 044 1708 1035 | 0397 0.452
- 1 1044 0 0.044 0.429 0.019
n 0.59 0.44 0.407
point . - ‘
0.2596 -
Discgarge: 0.123

Comparison with a reference water meter =0.126 m3/s
Discharge = 0,126 — 0.123
Discharge=0.003 m3/s

Figure 3.Measurement with magnetic induction hydrometric device in the hydrometric
channel are also shown in the experimental Mounting rail.
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1.3. Acoustic hydrometric device (model Q Liner2 ADCP Boat, brand OTT
Germany).

OTT Qliner 2 — Doppler technology for mobile discharge measurement in rivers and
channels. The measurement is carried out using the classic verticals process. At the
required vertical positions, the Qliner 2 measures both the vertical velocity distribution
and the water depth. All measured data are transferred to the PDA via Bluetooth. After
the measurement is complete, the discharge is available immediately. The Qliner 2 can
be operated easily on cable ways, from bridges or from the edge.

Vertical Ne Distance Depth Area Velocity
Discharge
- m m M M/s M/s
Start point 1 0.40 0.040 0.397 0.079
1 2 054 0.054 0.746 0.403
2 3 063 |0083 0.819 0.516
3 4 0.61 0.061 0.887 0.541
4 5 0.63 0.063 0.830 0.523
5 6 04g  |0048 1.071 0514
6 7 0.58 0.058 0.752 0.436
! 8 os7 |00 0.512 0.202
8 0 059 |00 0.446 0.263
9 10 0.53 0.053 0.409 0.217
End point 11 051 0.051 0.413 0.112
Total Q
3.891+ 0.11

These measurements were carried out in the purification plant near Sofia. This channel
is accurate in shape and is close to overflow meter. This is crucial for determining the
instantaneous flow rate. The difference between the key curve of the overflow and the
momentary water flow is less than 10%

Comparison with key curve of the overflow =3.986 m3/s
Discharge = 3.986 — 3.891
Discharge= 0.095 m3/s
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1.4. Non-contact water discharge measurement device by means of radar
technology for open flows (measurement in condition of high waters).

The non-contact radar technology determines the water surface flow velocity using the
Doppler frequency shift method and furthermore the water level is established by a
travel time measurement. With known cross section profile the discharge Q of the water
can then be calculated on basis of the continuity equation (1)

Q=V,.A, (1)

3
where Q = Water quantity passed for 1second- ™ /s
V,, =_Main vertical velocity
Ah =_Area relative to height of water

The sensor can be simply mounted on bridges, on the roofs of closed canals or channel
superstructures. The bed of the water should be as stable as possible in order to warrant
consistent measurement. A visible swell must be evident on the surface of the water.
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) ezl %
Figure 6. Field tests on the river Blato, Sofia. Comparison with a hydrometric propeller

e

Discharge hydrometric propeller =2.012 m3/s
Discharge RQ non - contact= 2.310 — 2.012
Discharge=0.298 m3/s
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ABSTRACT

Culverts are important structures that provide cross-drainage under roads, and railways,
as well as control water depth in water management systems, such as wetlands,
detention-retention ponds. Ecological passages (blue corridors) have also become
important on small streams. Sizing of culverts is a demanding and complex problem.
There are several computer programs that aid in designing culvert hydraulic problems.
We selected the HY8 program as a baseline of comparison in our study. The HY8
program was developed based on the Federal Highway Administration (FHWA) culvert
classification system, hydraulic calculations. The goal of this project was to develop an
excel program that adapt the program capabilities to Hungarian standards, and expand
the use not only for design, but for field measurements as well.

Keywords: hydraulic design, culvert, flow type, headwater, tailwater, performance
curve

1. INTRODUCTION

In the XXI. century climate change increased extreme weather conditions. As a
consequence, our engineering facilities are subject to greater and more concentrated
floods [1]. For smaller streams culverts are used often instead of bridges. Based on their
ever-widening application, it can be said that their construction is fast and economical.
At culver entrances significant headwater changes can occur due to highly variable flow
conditions. Culverts reduce flow in the water transport system, that can cause
substantial backwater effects. Traditionally, design requirements include not exceeding
allowable headwater depths or outlet velocities.

In Hungary, culverts are the most common cross-drainage structures, and play an
important role in the infrastructure. Here, smaller cross-sections are standardized, while
larger ones have to be individually designed. It is a common practice in Hungary to
design culverts for the simplest hydraulic flow case, which does not determine flow
velocity distribution, and parameters that are influencing barrel discharge. This
approach is limiting their application.

Based on literature review [2-7] we defined six basic flow type conditions. Not all flow
types can be described with the help of an energy equations, and empirical calculations
have been developed as well [6]. Depending on culvert inlet structure and barrel
geometry different empirical constants were determined by Bodhaine int he USGS
report [3], FHWA [7] and, other researchers [8]. HY - 8 program was selected from the
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available culvert programs as a reference, because of ease of use, and produces accurate
consistently [9].

The goal of our work was to evaluate six flow cases individually and based on the
results, create an excel program to design, and/or assess existing culverts. In addition
the program is flexible enough to use for field data calibration or in other applications as
well.

Three major aspects have to be addressed during culvert design and assessment in
Hungary; economy, risk, and flow conditions (Figure 1). Considering economy of the
culvert, installation and regulatory positions have to be taken into account. Hydrology,
and channel stability can influence risk factors. Finally flow conditions are affected by
culvert inlet and geometry, and alternative requirements such as fish passage.

| Installation ‘ | Hydrology ‘ ‘ Inlets ‘
/“| diameter? ‘ “ flood flow? ‘ N ( iv velocity? ‘ \ A
Y durabiliy? | L safety? | o energy
dissipation?
. Risk ' HYDRAULIC
conomy Flow condition DESIGN
i,-| headwater? ‘ - erosion? ‘ | velocity? ‘
\u| inlet types? ‘ \ | sedimentation? |/ 9 ;| water depth ? ‘ /j
| . Reguratory role ‘ ‘ Bridge or culvert? ‘ ‘ Fish passage ]

Figure 1.: Requirements for culvert design in Hungary

2. CULVERT HYDRAULICS BACKGROUND

There are different approaches to categorize flow types in culverts. Based on inlet-outlet
control, submerged or unsubmerged outlet, or submerged or free entrance. USGS [3]
developed 6 types of culvert-flow types where flow types 1, 2, and 3 are cases for
submerged entrances, while 4, 5, and 6 are free entrance types. In Hungary Starosolszky
[4] defined 8 culvert-flow types; they are categorized based on outlet conditions as
shown in Figure 2.

In Hungary, roman numbers are used to describe flow types. Cases I-IV are
unsubmerged, and V-VIII are submerged outlets. Finally, the FHWA uses the USGS
classification but puts them into inlet, and outlet control categories, types 1 and 5 are
inlet control, while 2,3,4 and 6 types are outlet control cases. The selected HY-8
program is based on the FWHA classification. .
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UNSUBMERGED OUTLET SUBMERGED OUTLET

Il. flow type: Critical depth at outlet VII. flow type: Hidden free outfall

bk ¢ ?®

IV. flow type: Rapid flow in the barrel VIIl. flow type: Submerged flow

Figure 2.: Flow types in Hungary

For comparison, purposes Table 1 lists all the cases for the three classification methods,
and the hydraulic features that describes. The table was used to cross-reference the flow
cases since the excel program was developed for the 8 Hungarian flow types whose
numbering was different from the flow-types used by the FWHA, and in the HY8
program
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Tab. 1: Comparison of flow types

I;:g\?vgtaygzg USGS '?2_'0\1\;')6‘ Hydraulic Description
| 3 3 Tranquil flow throughout
I 1 1A Critical depth at inlet
Il 2 2 Critical depth at outlet
v 5 5B Rapid flow in the barrel
Vv 5D Pulsating flow
VI 6 6 Free outfall
VI 5 5D Hidden free outfall
VIII

4 4 Submerged flow

Under outlet control full, or partially flow can occur, and the control is the outlet
section. For the partially full flow situations subcritical flow occurs. Submerged inlet
and outlet and full barrel flow occur in flow type HU-VIII (FHWA 4). The energy
equation between headwater (section 1) and tailwater (section 4) can be written

2 2

Vu Vd
HW+ LS+ 2 =TW +-2+H,
2g 2g
(1)

Where HW — Headwater depth above the entrance invert in outlet control, [m]
Vu—  Approach velocity, [m/s]
TW — Tailwater depth above the outlet invert, [m]
Va—  Downstream velocity, [m/s]
H_— Sum of all losses, which is including other losses, [m]
LS — Drop through the culvert [m]

For subcritical flow the headwater depth is determined via simplified backwater
calculations, the entrance, exit, and friction losses through the barrel are added to the
depth of water at the entrance [7] or using the energy equation [6].

In inlet control for submerged or unsubmerged inlets, the control section is at the inlet
end of the culvert. Tailwater elevations can influence the occurrence of an hydraulic
jump. For inlet control the National Bureau of Standards (NBS) funded by the FHWA,
developed equations for headwater depth [6]. For flow type HU-IV (FHWA 5B) in
submerged inlet the equation is

==322-c-Frl+Y —05§ )

Where H-  Headwater depth [m]
Fr—  Froude number
D -  Diameter of culvert [m]
S—  Slope [m/m]
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A—  Full cross-sectional area of culvert barrel [m?]
Fr-Froude number at the entrance

In the equation, the Froude number is calculated at the entrance.

Fr = ¢ (3)

The 32.2 constant in the equation represent the conversion from English to SI. The ¢
and Y empirical constants depend on the culvert entrance geometry, the culvert shape,
and material. Equation 1. can be applied for Fr > 0.7. For mitered inlet +0.7S a
correction parameter is applied [6].

For type HU-1I (FHWA 1A) the following non-dimensional best-fit power equation is
used:

2
(A ¢ C) H E 1 811%
- Mc W/ T _ZC L CFrM
Ec=he + 29 DD +K N FrM — 0,58
(4)
Where Ec — Energy under critical-flow, [m]
C-  Discharge coefficient

Ac— Area under critical-flow [m?]

Form 2:

M
H_ g 18112

. M1
5 N Fr

()

The (M, M’, K, K’) parameters are dimensionless constants and can be found in tables
from the FHWA report [7] based on barrel shape and entrance. For mitered inlets a
slope correction factor of +0.7S should be used instead of -0.5S. The equation is
applicable for Fr < 0.6.

3. PROGRAM FEATURES

The USGS [3], FHWA [7], Chin [6] and simplified equations were used to evaluate
each flow-case type. At each methods different barrel diameter, and discharge values,
were used to predict headwater elevation then the results were compared to the HY8
output. For the excel program we selected the simplest equations that still provided a
good approximation to the reference HY8 output.

The excel calculation method is as follows; after basic design input parameters are
given, the program determines the normal and critical depth and then performs loss
calculations. Next it determines the appropriate and/or possible flow types, and
calculates headwater elevations. If more than one headwater is determined the excel
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program selects the larger headwater depth for safety purposes. Finally, water-surface
calculations determine the upstream channel flow profile and the distance from the
culvert entrance where the backwater effect of the culvert is influencing the channel
depth.

Another feature of the program is that a best fit third-degree polynomial curve was fitted
for all flow types (Figure 3). During calculations based on discharge the polynomial can
be used to determine headwater elevations. This method can be used at field
applications, where rapid determination of headwater or discharge is necessary

Performance Curve
1.400 3 )
HW:CI'Q +Cz'Q +C3Q+b
1.200

1.000

0.800

0.600 ® Headwater depth
e Polinom....

Headwater (m)

0.400
0.200

0.000
0.000 0.500 1.000 1.500 2.000 2.500

Discharge (m?/s)

Figure 3.: Performance curve

4. SUMMARY AND CONCLUSION

Based on the literature review and our evaluation, it can be said that dimensioning of
culverts is a complex task requiring great care. The correct determination of loss
coefficients is essential for a good determination of either headwater or flow
determination. A key step in this process is selection of the appropriate flow types.
Culverts are often used to solve water resources problems such as floods or drought for
water depth control. This program helps in Hungary to design, and evaluate these
structures. It can rapidly give estimates for flow or headwater in field conditions, using
the rating curves. In the future, the program will be able to determine water passage
(blue corridor) for fish crossings as well.

The evaluation process revealed that the old energy equations used in Hungary do not
give reliable results for all flow cases. For inlet control empirical formulas are required,
and the empirical constants need to be re-evaluated for Hungarian inlet barrel
geometries. The program helps to modernize the Hungarian culvert design process.
Another application of the rating or performance curves can be calibrated for existing
culvert, for continuous flow measurements. This way one can avoid the installation of
costly flow measuring devices, instead cheaper water level sensors can be installed.
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After calibration based on headwater and tailwater depth measurements the flow can be
determined using the rating curve.
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ABSTRACT

In recent decades we have witnessed a variety of weather extremes. We are
experiencing intense torrential rainfall, prolonged periods without precipitation or
temperatures records in winter and summer months. Regardless of whether it is climate
change or the frequent extremity of weather, production capacity of the soil is one of the
factors that are most affected. Biochar, a product of the thermal degradation of biomass
rich in carbon, is currently in the focus of attention of the scientific community
especially for its ability to improve soil quality parameters and mitigate the speed of
climate change.

Despite of numerous studies dedicated to the issue of biochar, its impact on the basic
hydrophysical characteristics is not completely clear. In recent years, also professionals
in Slovakia are dealing with the issue of biochar, but research in field conditions is
unique. Now we present the results of the field experiment, which began in March of
2014. Certified biochar has been incorporated into the soil to a depth of 10 cm.

The aim of this paper was to evaluate the impact of the biochar application on moisture
regime of the sandy loam soil in surface layer during the growing season of 2015. The
crop grown during this year was maize (Zea mays subsp. Mays L.). Four sensors 5TM
(Decagon Devices) were installed at experimental site to measure the soil moisture and
temperature at a depth of 5-10 cm. Two of them were placed on plot without biochar,
two on the plot, with application of biochar in the equivalent of 20 t/ha. Data logger
recorded values in 5 minute intervals, which allowed us to analyze also the dynamics of
soil moisture caused by the short-term precipitation.

Due to the recently known effects of biochar on soil, we assumed that at the plot with
applied biochar we will measure higher values of soil moisture than at the plot without
biochar. This assumption was not confirmed in the conditions of our experiment (with
maize as a crop). There may be several reasons. Whether it is the material from which
the biochar was produced, the dose of applied biochar or there were other factors, which
had a greater impact than biochar, but cannot be eliminated in the conditions of field
experiment.

Keywords: biochar, field measurements, soil moisture
1. INTRODUCTION

In recent decades we have witnessed a variety of weather extremes. We are
experiencing intense torrential rainfall, prolonged periods without precipitation or
temperatures records in winter and summer months. Regardless of whether it is climate
change or the frequent extremity of weather, production capacity of the soil is one of the
factors that are most affected. Biochar, a product of the thermal degradation of biomass
rich in carbon, is currently in the focus of attention of the scientific community.
Innovative tools are required to help deal with complex challenges, which have fuelled
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interest in biochar as a potential soil amendment to improve soil quality and crop
productivity [1]. Biochar may alter the physical properties of the soil, including
increasing aeration and water holding capacity of certain soils [2]. Chan et al. [3] show
that biochar application in addition to fertilizer addition can lead to plant growth
benefits, but a negative effect is sometimes observed without fertilization, due to
reduced bio-availability, through sorption of nitrogen [4]. Biochar addition has been
shown to positively reduce N,O emissions from soil [5], suppress plant disease [6],
improve plant growth [7], ameliorate soil acidity [8] and stimulate soil microbial
activity [9]. Moreover, most trials with biochar have been carried out in the laboratory
over short time periods making translation of these results to field conditions difficult.
Another aspect of these studies is that most have tended to focus on problem soils (e.g.
with excessive soil acidity or salinity, severe nutrient imbalances, critically low soil
organic matter) where the responses of biochar addition can often be dramatic.
However, these soils are not representative of fertile agricultural areas where the
likelihood of biochar application from a practical and economic perspective may be
greatest [10].

In Slovakia, we have started with biochar experiment in field condition in March of the
2014, when certified biochar has been incorporated into the soil to a depth of 10 cm.
The aim of this paper was to evaluate the impact of the biochar application on moisture
regime of the sandy loam soil in surface layer during the selected time period of the year
2015.

2. MATERIAL AND METHODS

Location site Malanta (Fig. 1) is located approximately 5 km north-east of the city Nitra,
Slovakia (N 48°19'00"; E 18°09'00"). Altitude location is 175 MASL [11]. Soil type is
classified as an Orthic Luvisol [12]. Morphological and morphometric relief type is
mildly to moderately rugged hilly. Malanta falls under hot climatic zone, slightly dry
with mild winter. Soil characteristics at experimental area are shown in Table 1.

On experimental area was geodetically set out 45 plots measuring 6x4 m separated by
0.5 m bands. On these plots were conducted experiment variations: control - without
adding biochar (Control), B10 variant with the addition of biochar dose 10 t/ha and B20
variant with a dose of biochar 20 t/ha. The experiment started on 10" of March in 2014.
After the uniform distribution of biochar on the plots it was incorporated to soil depth
about 10 cm using a cultivator machine.

We focused on an analysis the Control and B20 plots. During the experimental
measurements the area was agriculturally used, cultivated crop was maize (Zea mays
subsp. Mays L.) in the 2015.
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Fig. 1: Localization of experimental area Malanta (Slovakia) (© Google maps 2017)

Tab. 1: Granularity, mean particle density (ps) and soil organic carbon (Cy) in vertical

soil profile at locality Malanta

Depth Grain-size distribution Ps Cox
[cm] [%6] [9.cm”] [%]

>0.25 0.25- 0.05- 0.01- <0.001 <0.01

0.05 0.01 0.001

[mm] [mm] [mm] [mm] [mm]  [mm]
10 13.91 20.07 35.81 20.46 9.75 30.21 2.47 1.006
20 21.37 16.38 32.76 13.54 1595 29.49 2.63 0.930
30 8.97 20.29 40.64 15.01 15.09 30.10 267 0.811
40 27.86 14.73 27.52 15.56 1433 29.89 2.69 0.453
50 9.62 29.07 22.67 17.88 20.76  38.64 2.70 0.453
60 13.14 22.74 27.91 14.16 2205 36.21 270 0.562
70 23.54 16.65 26.72 13.89 19.20 33.09 2.64 0.429
80 27.32 16.99 25.47 14.20 16.02 30.22 2.69 0.515
90 38.55 3.46 38.74 12.66 7.59 20.25 2.64 0.491
100 29.96 20.34 23.90 12.96 12.84 2580 2.64 0.257
125 16.90 29.92 27.98 13.67 1153 2520 2.52 0.095
150 45.83 16.96 19.17 12.78 5.26 18.04 2.66 0.447
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2.1 Biochar characteristics

Biochar, used for the field experiment, was produced from paper fiber sludge + grain
husks; 1:1 per weight (Sonnenerde Company, Austria) by pyrolysis at 550°C for 30
minutes in a Pyreg reactor. Table 2 shows the biochar characteristics.

Tab. 2: Biochar characteristics

Element C N H 6] pH
gkg™ gkg™ gkg” gkg” -
Biochar 531 14 18.4 53 8.8

2.2 Measurement methodology and determination of soil moisture

In August of 2015 began continuous measurement of soil moisture and soil temperature
at two plots: Control and B20 in top soil layer 5-10 cm. The measurements were
performed with four sensors 5TM (two at each plot) from Decagon (Fig. 2.). The data
were stored using two data loggers EM 50. Before installing the sensors in the
experimental area Malanta, their calibration was carried out in laboratory conditions.
Measurements were conducted in period from 12" of August to 22" of October 2015 in
5 minute interval.

Fig. 2: The 5TM sensor used for measuring soil moisture in 5-10 cm depth at
experimental area in Malanta

3. RESULTS

Selected time period and all year 2015 as well was very dry, one of the hottest in the
history of measurements. Course of soil moisture in 5-10 cm depth from all sensors is
shown at Fig. 3. We expected that the plot B20 would be wetter than Control because of
known effect of biochar on soils. But our results were different. During selected time
period was Control plot wetter than B20, no matter if there was higher or lower water
content in the soil. There were only few precipitation events during this time period
(Fig. 3.). Sensors responded promptly to precipitation events.
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Fig. 3: Course of soil moisture values at Control plot (K1, K2) and at B20 plot (B1, B2)
and 5 min. precipitation totals at experimental area Malanta in the 2015

In the next step we have analysed individual precipitation events through the use of 5
min. interval measurements of soil moisture and precipitation totals. On Fig. 4 are
shown precipitation events from 18.08., 25.08., 25.09. and 15.10.2015. Precipitation
intensity —i, and infiltration rate — u; (left side of Fig. 4) and also cumulative infiltration
— Uj and cumulative precipitation — H, (right side of Fig. 4) were graphically evaluated
for all selected precipitation events. Infiltration rate and cumulative infiltration were
estimated in upper 10 cm layer of soil profile.

Our hypothesis was that at plot B20 will be measured higher values of infiltration rate
and related values of cumulative infiltration. According to detailed analysis of
individual precipitation events there was not a significant relation between u; (or related
Ui) and presence of biochar at experimental plots. In the conditions of our experiment,
bigger effect on values of u; (or U;) had variability of the precipitation intensity within
experimental area (precipitation data for whole area were obtained from one rainfall
gauge). Another factors that influenced the infiltration rate were presence of preferential
flow (grain size distribution of soil predetermines the occurrence of cracks) and
interception of vegetation cover.
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(U;) and cumulative precipitation (H;) at Control plot (K1, K2) and at B20 plot (B1, B2)
at experimental area Malanta in the 2015
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4. CONCLUSIONS

1. The results of our study did not confirm the positive effect of biochar (with
above mentioned characteristics), used in our field experiment, on moisture
regime of the sandy loam soil during selected time period of the year 2015,
when a maize was grown.

2. Analysis of individual precipitation events confirmed, that the effect of applied
dose of biochar (20 t/ha) on infiltration rate in upper 10 cm layer of soil profile
in the conditions of field experiment was irrelevant compared to another natural
factors (mentioned in previous chapter).
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ABSTRACT

An ice monitoring system was developed during the last 15 years in the region for a 130
km segment of the Danube in Hungary. All together five cameras were installed at a 30-
40 km interval to achieve optimal observational capabilities along the river. In January
2009 and than in February 2012 later in 2017 three ice events were successfully
recorded at the monitoring locations. Analysis of the recorded events combined with ice
depth measurements, morphological information and hydro-meteorological data showed
great potential to derive space-time characteristics of the floating ice. These include ice
formation, size composition, motion and rearrangement due to secondary currents and
occasional packing or release at places. Repeated measurements have been done to
quantify the space-time characteristics of the ice formation and to improve the
monitoring system. There have been several chances for utilization our gained
experiences such as characterization of drifting floes, study of the hydrodynamic
conditions during icy periods, verification of floe modelling, discharge estimation using
LSPIV technique and additionally development of ice forecasting. Last but not least a
new ice thickness staff was introduced for the easy and safe measurements of ice floes
on rivers.

Keywords: river ice, floe, ice depth, webcamera, monitoring
1. INTRODUCTION

In 2001, a webcamera was installed on top of a high building at the Danube riverbank in
Baja (Hungary). The webcamera was developed using earlier experiences with
conventional black and white photography. In 2008 based on the success of the first
measurements a monitoring program was developed, by installing 5 additional cameras.
The monitoring sites were placed at a 30-40 km interval along a 130 km reach. In the
first winter after installation (January 2009), a two-week-long ice period was
successfully recorded at the five locations. Since then, in February 2010, 2012 and
january 2017 was ice observed on this reach of Danube. In 2012 and 2017 the ice flow
of Danube was taken seriously by the river managers and even the ice breaker fleet was
activated. During the first time the ice breaker ships were used for ice thickness
measurement as well. To achieve quick and reliable measurements a new and easy
equipment was introduced called “Keve-staff” [1].

A primary analysis showed that when these measurements are combined with
morphological information and meteorological data, space-time characteristics of the
floating ice can be potentially derived. These characteristics include size composition,
motion and rearrangement due to secondary currents and occasional packing or release
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at places. Efforts are being done to quantify the above mentioned features, furthermore,
improving the recording quality thus the image processing results of the observations.

2. UTILIZATION OF WEBCAMERA BASED OBSERVATIONS

Using even a single camera offers a huge advantage versus sightings, as the whole ice
forming and melting period can be followed in the viewed section. Multiple cameras are
of course even better. Even without an own distribution monitoring system, the feeds of
public webcams on the internet can provide useful information for river ice dynamics.
We mention one case when a camera in downtown Budapest helped us to identify ice at
that section of Danube and improved our ice forecasting.

2.1 Characteristics of drifting floe

According to our experience there are mainly three types of drifting floe at the Baja
section of River Danube.

In the first case a long reach of the river freezes at the same time. This type of freezing
results huge (of the size of a football field), thin and sharp-edged floes. These big floes
soon break apart by crashing bridge piers or river training works. The waves generated
by the ships can destroy these ice floes. Waves induced by the wind can also crumble
the ice, since these large floes occur mostly early in the morning after a calm cold night.
The calm but chilly weather can freeze the supercooled water over large surfaces.

In the second case the ice forms in the river bed [2]. It can be either river bottom ice or
floes detaching from the bank. In this situation the floes are not always flat, but under
the water they are cone-shaped. Naturally freak forms and colors can be also present.
The color depends on the material where the water froze. Buoyancy force and
turbulence can lift the ice mixed with river bed sediment from the bottom but not able to
keep it on the surface for long. These ice blocks flow near the thalweg and can seldom
be seen on the surface.

In the third situation the floes form in the upper reaches of the river or its tributaries.
The floe sizes are heterogeneous. Since they bump into each other debris ice form along
the edges. These small broken ice pieces originate from the great number of crashes
between floes. Big floes are not flat because they are usually formed from the
coalescence of small floes.

In Fig. 1 the third case of the floe formation is presented. Upstream the floes are big
(top left) and at the last downstream location (bottom right) they are already broken into
pieces and almost disappear. The distance is 120 km between these two sites. As the
river moved downstream the ice met warmer weather.

Ice can form in any combination of the described three basic types. The distinction of
these three types can help to classify ice phenomena and can lead us to make accurate
forecast for them.

In the Hungarian water management practice the drifting floe is characterized primarily
by surface area of the ice to the surface area of river as a percentage. From the recorded
movies it is clear that the distribution of floes changes dynamically in time. It has a
daily and even a shorter fluctuation. The drifting has got the same space-time
characteristics as the stream velocity. As traditional velocimetry in a measurement point
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uses a continuous recording of at least 1 minute, the floe observation could be handled
in the same way.

Fig. 1: Summarized picture of the webcamera system.

Next, the observer usually views the river from a lower elevation and is not able to
distinguish stopped ice from the moving one, which could easily lead to an
overestimation of the drift flux. For this reason automatic image processing of the
pictures of webcams is recommended. Based on this process hourly statistics can be
done providing more acceptable results.

2.2 Study of the hydrodynamic conditions

After installation of the new cameras few specific hydrodynamic cases were recorded
and investigated. The collected information was summarized in a table where the rows
represented the camera locations and the columns showed time. With no exception, in
all the sections a daily periodicity was detected. Drifting in the morning was always
more intensive than in the afternoon.

Uniform distribution of floes in the investigated sections occurred very seldom, mostly
the main stream conveyed the ice pieces downstream. But in some cases the drift
changed its structure and from one side of the river it moved to the other side. The main
stream follows the concave bank as was expected, and floes are advected here in most
of the time. Though the reason is not exactly clear, in certain cases the floes moved just
at the convex bank. There were cases when there was near-shore ice on both sides in the
same manner, and nothing was seen in the middle of river. Then, due to a strong
westerly wind, the whole investigated reach drifted the ice on its left bank side.

Ships or ferries waiting in front of the cameras also formed an obstacle against drifting
floe. An arched jam developed suddenly and helped to investigate this process. This real
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phenomenon could help us understand the developing stage of ice jams, to formulate the
defence against them and to model all this complexity.

2.3 Hydrodinamic modelling

Based on new webcam images, first validations of a model for ice-flow interaction
could be performed [3]. The next picture (Fig. 2.) shows a simulation area representing
the section observed by our first webcam.

S

Fig. 2: High resolution simulation of the ice flow, reproduced from [3]

This smooth particle hydrodynamics (SPH) model, developed by Gabor Kiss, resolves
many details with a high particle count for water (1.25 million), and 100 prismatic solid
objects for the ice floes, and a complex bridge model with river bed, in a restricted area.
These simulations were accelerated by parallel computing.

2.4 Discharge estimation

Based on international experiments Kerék [4] transformed the perspective view of our
webcam images taken on 11st February 2012. He used coordinates from Google Earth
as snap points recognized on both images. The orthorectified images of our webcam and
the calculated surface velocity vectors can be seen on Fig. 3. The orange line crossing
the section is the area where the surface velocity distribution was calculated. By
knowing the cross section data across the orange line and the relation between surface
and section average velocity the discharge could be determined.
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The calculated discharge overpredicted the reference value (obtained from the calibrated
discharge rating curve of the section) by 15%. This is more than the acceptable error in
discharge measurements, but if we take under consideration the uncertainty of
information used for this first calculation this result is promising. For this reason this
research will be continued.

Fig. 3: Calculated LSPIV surface velocity field on Danube at Baja 11/02/2012

The drifting processes can be investigated by marking floes with an environmental
friendly dye, since it is easier to identify the painted floe on the pictures. Drifting speed
and path could be monitored between webcams. The dye can be introduced from
bridges.

A method is still needed to measure floe depth at least in a semi-automatic way.
Presently, it is measured from a ship and it is hard and too slow. The thickness of ice is
a necessary data to calculate the volume flux of ice.

By implementing all the above mentioned techniques, an automatic ice warning system
could be established. Such a warning system could borrow ideas from security CCTVs
(closed-circuit TVs) that are used at airports, for example. Here a software detects
suspicious activities by checking the difference between a sequence of camera pictures
and warns the guards if a luggage is left alone [5].

2.5 Ice forecasting

A lot of conditions influence the ice forming on the investigated reach of Danube.
Beyond the previously mentioned conditions anthropogenic impacts affect the ice
phenomena. These effects include discharges of waste water treatment plants and
cooling waters of thermal power plants. The thermal plume of the Paks nuclear power
plant, located 30-40 km upstream from Baja, is responsible for most of the melting of
the blocked ice. The first webcam was installed at this location.

Hirling [6] developed a simple ice forecasting method for the Hungarian rivers. The
method calculates the cumulative sum of negative daily average air temperatures. This
is a reasonably good method, but for some cases the occurrence of ice is not only a
function of the local temperature. At Baja approximately -70 °C negative cumulative
sum of air temperature and river water temperature below 0.5 °C must prevail to
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produce ice. The negative sum must contain temperatures cooler than -5 °C. If the daily
average temperature is higher than -5 °C no ice occurs even at a higher negative sum.

In some cases there are floes which formed in upstream tributaries of the river or
released from reservoirs. It is not yet possible to forecast this kind of drifting. Upstream
barrages on river Danube have got their own operational rules. They generally release
ice from the upstream part at melting or breaking-up time. These kinds of floes slowly
disappear while moving downstream.

Air and river water temperature data are usually accurate enough to do calculations and
forecast the probability of ice occurrence or the extent of ice formation. Hopefully,
these methods could be further improved by using webcam records from a longer river
reach.

Danube River at Baja
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Fig. 4: Ice forecasting made on 8th February 2012. (The blue line is water level, green is air
temperature and magenta is water temperature. The orange strip represents the period of ice flow and red is the
freezing period. The vertical red line separates the past and future events on the graph.)

Forecasting of ice occurrence on the Danube was not as interesting as to predict the
congeal. Due to our earlier experiences on 8th February 2012 (Fig 4.), we dared to
forecast 90% coverage of floes or ice-up with the same probability. The latter case was
estimated to have a two-day duration. At that time, everyone believed that the Danube
will be fully covered by ice for a longer time period. The forecast that was issued (in
Hungarian) is shown on Fig. 4. The disappearance of ice from the section was
accurately predicted 11 days in advance.
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3. ICE THICKNESS MEASUREMENT PROCEDURE ON THE DANUBE

In Hungary, monitoring of surface waters and ice is regulated by two Technical
Directives published in 2007. These directives regulate only the implementation of
measurements. They do not however identify the conditions under which the
measurements must be done. This is why no actual measurements of ice thickness are
taking place on the Danube and only estimates are being used.

ME-10-231-07 Directive concerning observation of ice phenomena on surface waters
regulates the estimation of ice coverage and thickness. This directive distinguishes two
kinds of visual estimation methods:

. point measurement: from a certain location of the bank (usually at water gauges)

. linear measurement: visual observation by walking along the river between
given sections

Estimation of ice coverage is proposed to be replaced by webcam-based observations
and subsequent quantitative analyses.

According to our experience, visual estimation of ice thickness is hindered by
unexpectedly high errors and yield little useful data. This was the reason for releasing
the second directive:

ME-10-231-08 Directive Ice thickness measurements on surface waters. Based on
previous regulation most of the methods and standards were out-of-date or difficult to
follow. The equipment for measurement is not specified and, if so, nearly impossible to
use in winter conditions. And finally, the directive states: “If the conditions for
measurements are not safe enough, the ice thickness must be estimated”. Due to this,
measurement conditions are always considered dangerous on rivers and estimation was
the final solution.

The first task was to develop a simple device to measure ice thickness quickly and
reliably. The Directive offers a schematic for a staff (Fig. 5.), but it cannot be used for
drifted floe. Its moving parts freeze up when it is first submerged and it can measure
only the edge of the ice. However, the drift-ice surfaces are not flat with its sides under
and above the water are nonuniform. Measuring the thickness to centimeter accuracy is
pointless under these circumstances [1].
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Fig. 5: Theoretical schematic of ice staff

The Keve-staff (Fig. 6.) was developed to solve some of these problems. It has been
tested and provides a useful cheap tool for measuring ice thickness. The device is
fabricated from a finished roof batten. The vertical segment is 3 m to which a 1,5-long
horizontal piece joins (with extra reinforcement) with a wing-nut. The device is easily
dismounted for transport. It works like a caliper with only one side to the jaw. The water
level is used as a reference for measuring the thickness of ice below water and the
thickness above. Ice thickness is then the sum of these two measurements. Measurement
scales (10 cm graduations) on the device are accurate to within 5 cm. The same interval
is applied when we measure the diameter of floes using a horizontal staff. The 1,5 m
length lets us reach the bottom of the floe far from the edge where it may be thicker.
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Fig. 6: Keve-staff (closed and opened on the left, theoretical schematic on the right)
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The measurement is fairly simple (Fig. 7). First we place the horizontal part of the staff
on the top of the floe (7 left) and try to keep it straight and read the thickness of the floe
above water. Next we submerge the staff under the floe and let its buoyancy lift up the
horizontal segment until it touches the bottom of the floe, thus measuring the thickness
below the water level. The sum of two readings gives us the ice thickness.

Fig. 7: Measuring ice thickness above (left) and below (right) water level on the
Danube

It is recommended to estimate the diameter of floe (by using a horizontal scale) and
determine the shape of ice as well (round, oval, polygon, etc.) then record all data on a
report sheet. We experienced cases when the official (estimated) ice thickness was 20
cm while our measured thickness averaged a substantially higher 75 cm [1]. In order to
improve temperature measurements as well, they should be taken at similar locations
and verticals as the thickness measurements.

4. CONCLUSIONS

The ice monitoring experiences gained have opened new ways of thinking and we were
able to introduce new techniques such as discharge estimation, ice thickness
measurements, etc.. Efforts to quantify the above mentioned features and improve
recording quality are underway. Webcam monitoring can be a very beneficial
experience for which new ways of observation and investigations have been
implemented.

However the Hungarian Hydrometric Service still works with somewhat outdated
methods, which lack elementary data to understand these phenomena and are difficult to
implement. It was believed that floes are flat and they were modelled that way.
However, our measurements showed that they are sometimes tapered (Fig. 8.). Turning
over the floes revealed this to be true.

We observed vertically uniform temperatures in an ice-covered cross section but
horizontal temperature differences were notable. The reasons for this are not clear, but
this phenomenon must be investigated in more details as it highly affects ice formation.
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Fig. 8: Captured and overturned floe

The most important needs for improvement to help avoiding serious ice floods are the
following:

. Install webcams along our rivers and develop automatic image processing to
determine ice coverage and characterize all sections by reliable, objective methods. This
should be extended for international river sections with common interests.

. To follow the behavior of ice, air reconnaissance has a great advantage. Recently
altered river bed morphology gives us a chance to model and recognize the critical spots
for ice accumulation. We could prepare for more frequent checking of these crucial
places using aerial methods (drones). For greater effectiveness, we need more
knowledge about ice phenomena too.

. Maintaining the ice breaker ships is a permanent duty but this has been neglected
for a while before February 2012. Using them for ice measurements would not create
extra cost, as the ships must be kept warm during cold periods anyway.

. Ice thickness and water temperature measurements must be performed in a
standardized and reliable way. The so called Keve-staff is useful but a more up-to-date
method should be found.

. Most of the river gauges are telemetered and equipped with thermal sensors as
well. Installing further gauges between the existing ones would help to pinpoint rapid
changes in water levels providing a reliable precursor to ice jams without requiring
good visibility.
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ABSTRACT

The paper presents first results of the local case study ‘Flood warnings in a changing
climate’ carried out within the framework of the SWICCA project.

We assess the changes in Qigo (i.e., the 100-year return value of river discharge or
simply the 100-year flood) that might be expected to occur due to climate change during
the 21% century. The target location is the Danube River in Bratislava, Slovakia. We
define a simple indicator CCQ1o termed as Climate Change Indicator of the 100-year
Flood, which is the ratio of the 100-year floods estimated on the basis of future and past
datasets. For the past, the observed data from the period of 1984-2014 are used. For the
future (2015-2100), a number of simulated time series of river discharge from the
SWICCA database are processed. They are the outcomes of the combination of 3
hydrological models (HYPE, VIC and Lisflood) and 11 regional climate models.

The case study is an at-site and basically a non-stationary frequency analysis. The data
samples are derived on the basis of the block maxima approach (annual maxima), and
the flood quantiles are modeled by the Generalized Extreme Value (GEV) distribution.
In case there is a significant linear trend in the data samples, the non-stationary
approach is adopted with a time-dependent location parameter of the GEV distribution.
Flood quantiles and their confidence intervals are estimated on the basis of the
Differential Evolution Markov Chain approach.

The results indicate that: (a) The overall performance of the datasets are rather
balanced: increase (decrease) in Q100 appears in 13 (12) cases, while no change (0.95 <
CCQ1g0 < 1.05) is found in 7 cases; (b) Increases dominate in the case of hydrological
models HYPE and Lisflood; (c) The HYPE model indicates the largest positive changes
overall, also with the highest value of CCQ1qo (= 1.40); and (d) The VIC model only
yields decrease in Qigo. The most remarkable drop is of about 33% (CCQ100 = 0.67).

Overall, the multitude of model outcomes is an excellent basis to get the first sight on
the possible range of expected changes in the 100-year flood. On the other hand, at this
stage of the analysis one cannot arrive to a clear conclusion concerning the sign of these
changes. It is believed that further information will be obtained by the adoption of a
frequency analysis on the basis of the peaks-over-threshold methodology. This,
hopefully, will reveal more insight into the expected behavior of floods with low
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probability of occurrence, and the knowledge might be transformed into flood
management and adaptation plans of the capital city of Slovakia.

Keywords: frequency analysis, climate change, 100-year flood, Danube, SWICCA
1. INTRODUCTION

Flood frequency analysis is a part of the operational services of the Slovak
Hydrometeorological Institute (SHMI). So far, estimation of T-year return values of
floods has generally been based on local data (at-site approach), using principle of the
stationarity of environment, and analyzing annual or seasonal maxima. While in the last
couple of years, regional approaches to a flood frequency analysis have been
successfully adopted in Slovakia [1] and the Central European region [2], no methods
accounting for the non-stationarity of environment were developed and implemented in
the practice. Similarly, little efforts have been done with implementing the peaks-over-
threshold (POT) methodology (where all independent events exceeding a pre-defined
threshold are taken into account; e.g., [3]), which is generally considered as a more
rigorous statistical approach when compared to the block maxima method (e.g., [4]).

Therefore, MicroStep-MIS and SHMI co-operate on the local case study ‘Flood
warnings in a changing climate’, which aims at developing flood frequency estimation
methods with two novel directions. First, the non-stationarity of environment will be
accounted for, and secondly, the return levels of river discharges will be estimated using
the POT methodology. Nevertheless, before dealing with the POT method, an interim
step is adopted where flood quantiles are assessed on the basis of the annual maxima
series (AMS) approach — and the result of this procedure are presented in the current
study.

The case study ‘Flood warnings in a changing climate’ is being carried out under the
framework of the SWICCA project (http://swicca.climate.copernicus.eu/). SWICCA
(Service for Water Indicators in Climate Change Adaptation) is more than a two-year
project governed by the Swedish Meteorological and Hydrological Institute, and serves
as a proof-of-concept for a Sectorial Information Service on water management to
Copernicus Climate Change Services. The goal of the SWICCA project is to offer freely
available climatological and hydrological data (climate change indicators) collected
from a number of Pan-European climate/hydrological model runs, to facilitate working
with climate change adaptation in the water sector and the decision-making process of
water managers. The transfer of the information from the global to regional and/or local
scales are demonstrated by means of a number of local case studies from different
regions across the whole Europe.

2. METHODS

The presented study aims at assessing the changes in the 100-year return value of river
discharge (or simply the 100-year flood, Q100) that might be expected to occur due to the
climate change during the 21*" century compared to what was observed during the past
couple of decades. We define a simple indicator CCQiqo termed as Climate Change
Indicator of the 100-year Flood:

CCQloo — Qloo,future (1)

Q100,past
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which is the ratio of the 100-year floods estimated on the basis of the future and the past
datasets. For the past, the observed data are used, as usual. For the future, a number of
simulated time series of river discharge from the SWICCA database are processed.

Since the outputs of regional climate models are generally affected by bias (errors due
to conceptualization, discretization and spatial averaging), bias correction has to be
applied to make the model outputs more similar to the reality. For this reason, the so
called linear scaling methodology of bias correction [5] is adopted that makes use of the
monthly statistics (averages and standard deviations) derived from the common period
where both the observed and the modelled discharge data are available.

The basis of the case study is an at-site and non-stationary frequency analysis. The data
samples are derived according to the block maxima approach (namely, the annual
maxima are identified for each year), and the flood quantiles are statistically modeled by
the Generalized Extreme Value (GEV) distribution [6]. The rigorousness of the
AMS/GEYV approach is justified by the extreme value theory (e.g., [7]).

The stationarity of the time series is analyzed by means of the Mann-Kendall test for the
presence of monotonic trends [8] at the significance level of a. = 0.05. In the case there
is a significant linear trend in the data samples, the non-stationary approach to a
frequency estimation is adopted with a time-dependent location parameter of the GEV
distribution.

Flood quantiles and their confidence intervals are estimated on the basis of the
Differential Evolution Markov Chain (DEMC) approach [9]. DEMC is an enhanced
alternative to the Markov Chain Monte Carlo (MCMC) approaches where target
posterior distributions are sampled through five Markov Chains constructed in parallel;
however, in DEMC, the chains are allowed to learn from each other, and this feature
ensures simplicity, speed of calculation, and convergence over the conventional MCMC
[10].

3. DATA
3.1 Observed data

The presented frequency analysis focuses at a single target site, which is Bratislava, the
capital city of Slovakia along the Danube River. The daily discharge data from the
Bratislava station (with geographical co-ordinates 48.1397 N, and 17.1082 E) cover the
period from January 1%, 1984 till December 31%, 2014, i.e., 31 complete calendar years
with no missing values are available for the analysis.

3.2 Simulated data

From the SWICCA database, simulations of daily discharge data were downloaded for
the grid box (48.14 N, 17.11 E) corresponding to the location of the Bratislava station,
and for the combination of 11 climate (Tab. 1) and 3 hydrological models (Tab. 2).

Since the real observations are from the period 1984-2014, and the control period of the
modelled data is 1971-2000, we decided to use the 17 years long common period
1984-2000 as the basis to derive the statistical characteristics for the bias correction. In
line with this decision, the period 2015-2100 was declared as the “future’.
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Tab. 1: Summary of the climate model runs used in the SWICCA database (according to
http://swicca.climate.copernicus.eu/wp-content/uploads/2016/10/Metadata_RiverFlow.pdf).
GCM = Global Circulation Model, RCM = Regional Climate Model, RCP = Representative

Concentration Pathway.

. . RCP
Institute GCM RCM Period 76 15 85
KNMI EC-EARTH RACMO22E | 1951-2100 4 4
SMUI EC-EARTH RCA4 1970-2100 v v v

HadGEM2-ES | RCA4 1970-2098 4 4
IPSL CM5A WRF33 1971-2100 4
CscC MPI-ESM-LR | REMO2009 1951-2100 v v v

Tab. 2: Summary of the hydrological models used in the SWICCA database.

Short name | Full name Information

HYPE E-HYPE 2.1 http://hypecode.smhi.se/

VIC VIC-4.2.1.9 http://vic.readthedocs.io/en/master/
Lisflood Lisflood [11]

Hydrological model: VIC
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Fig. 1: Monthly characteristics of river discharge for the hydrological model VIC for the future
period 2015-2100. The individual plots indicate monthly means (solid, thick lines) and monthly
standard deviations (dashed, thin lines) of raw discharge data (red color) and the bias corrected
discharge data (blue color). The plot in green color in the top left corner shows the same
statistical characteristics for the observed discharge data for the period 1984-2000.
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4. RESULTS
4.1 Bias correction

The 33 time series of simulated discharge data were bias corrected on the basis of the
linear scaling methodology [5] using the statistical characteristics from the common
period 1984—-2000. The results of the bias correction for the data series corresponding to
the hydrological model VIC are shown in Fig. 1. The comparison of the raw and the
bias corrected data shows different patterns that is not straightforward to generalize.
Nevertheless, in a number of cases, the bias correction reduced the scale of the
discharge values (see the bottom line of the composition in Fig. 1). In other cases, the
bias-corrected data show much realistic seasonality, i.e., the annual maxima were
pushed from the spring towards the summer months, and at the same time, the annual
minima were moved from autumn to the early spring. Similar overall patterns were
obtained for the other two hydrological models (not shown here).

4.2 Frequency estimation of the observed data

The frequency estimation using the AMS/GEV approach for the observed discharge
data from the period 1984-2014 was carried out. The results of the analysis are
presented in Fig. 2. It can be seen that although there is an increasing linear trend in the
annual maxima series (Fig. 2, left), it is not significant at level o = 0.05. Therefore, the
stationary frequency analysis was adopted. The quantile-quantile plot between the
empirical quantiles and the theoretical ones corresponding to the GEV distribution
function (not shown here) indicates that the GEV distribution is acceptable for
modelling the flood quantiles nearly in the entire range of discharges, perhaps with the
exception of the largest extremes. The frequency plot (Fig. 2, right) shows the median
and the 90% confidence intervals of the return level estimates from a large number of
DEMC samples. The higher degree of uncertainty (i.e., wide confidence intervals) is
clearly the consequence of the shortness of the analyzed AMS series (31 years).

4.3 Frequency estimation of the simulated data

Similarly as in the case of observed data, the frequency analysis was carried out for the
combination of 3 x 11 bias corrected datasets for the future period 2015-2100.
Graphical outputs of the frequency analysis for two selected datasets are shown in Fig.
3.

The Mann-Kendall test rejected the null hypothesis about the presence of a linear trend
at the significance level a. = 0.05 in the majority of the cases, i.e., 31 times. There were
only two datasets (both related to the Lisflood hydrological model) where a significant
linear trend was indicated. In these two cases, the non-stationary approach to a
frequency analysis was adopted (one of them is shown in Fig. 3). As in the case of the
observed data, the quantile-quantile plots also confirm the applicability of the GEV
distribution as a theoretical distribution function for the statistical modelling of the flood
quantiles (not shown here). Finally, the frequency plots in all cases (Fig. 3, bottom)
clearly show lower degree of uncertainty of the estimated flood quantiles as a result of
larger data samples (86 years in most cases).
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Fig. 2: Annual maxima of river discharge with the trend line (left) and return levels of river
discharge on the basis of the AMS/GEV frequency analysis (right) for the observed data of the
Bratislava station from the period 1984—2014. In right, the black dash-dotted lines denote the
90% confidence interval for the estimated return levels indicated in red
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Fig. 3: Annual maxima of river discharge with the trend line (left) and return levels of river
discharge on the basis of the AMS/GEV frequency analysis (right) for selected simulated
datasets from the period 2015-2100 for Bratislava. Top: the HYPE hydrological model with the
KNMI-RACMO22E-EC-EARTH-rcp45 climate model; Bottom: the Lisflood hydrological
model with the SMHI-RCA4-EC-EARTH-rcp45 climate model.
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4.4 Climate Change Indicator

The results of frequency analysis on the basis of the AMS/GEV approach are
summarized in Fig. 4. Displayed are the Qoo estimates with their 90% confidence
intervals from all 33 simulated SWICCA datasets along with the estimate based on the
observed data. Instead of showing the values of the climate change indicator CCQ1go
themselves, we show the color coded Qg0 estimates from the future in a relation to the
‘real’ one, indicated by black circle and the horizontal dashed line in each plot (Fig. 4).
We decided to use three qualitative categories (color coding):

e grey color is used for the cases where practically no change in Qiqo is observed, i.e.,
the change in absolute value is less than 5% (0.95 < CCQqo < 1.05);

o red color indicates considerable increase in Q100 (CCQ100 > 1.05); and
e green color indicates considerable decrease in Q100 (CCQ1go < 0.95).
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Fig. 4: Estimates of the 100-year flood (colored diamonds) with 90% confidence intervals
(whiskers) on the basis of the combination of 3 hydrological models and 11 climate models
(abbr. as ‘CM 1’ to “‘CM 11’, as they appear in Tab. 1) from the future period 2015-2100.
Furthermore, in each plot, the estimate of the 100-year flood on the basis of the observed data
from the period 1984-2014 is shown at the very first position (black circle). The horizontal
dashed line also corresponds to this estimate. Red (green) color indicate increase (decrease) of a
magnitude of >5% (<-5%) in the Q1q9, While grey color indicates practically no change in Qg
(<+5%). The empty diamonds (two occurrences in the case of the Lisflood model) correspond to
the non-stationary approach to a frequency estimation
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Fig. 4 reveals interesting features:

e Increases dominate in the case of two hydrological models (HYPE and Lisflood).
The difference between these two models lies in the magnitude of the increase: the
HYPE model indicates the largest positive changes overall.

e The highest value of CCQ1qo (= 1.40) appears in the case of the HYPE hydrological
model and the SMHI-RCA4-HadGEM2-ES-rcp85 climate model.

e The VIC model only yields decrease in Q1qo.

e In rough approximation, the patterns of the change in Qi are similar for the
hydrological models HYPE and VIC. The largest (smallest) Q100 appears both at
CM7 - SMHI-RCA4-HadGEM2-ES-rcp8 (CM10 - CSC-REMO2009-MPI-ESM-
LR-rcp45), and such an analogy holds for a number of the climate models when
comparing HYPE vs. VIC models. From this perspective, the Lisflood hydrologic
model shows a fuzzier pattern.

e The overall performance of the datasets are rather balanced: increase (decrease)
appears in 13 (12) cases, while no change is indicated in 7 cases (see also Tab. 3).

e Results of the non-stationary approach are also displayed; these are indicated by
empty diamonds in the case of Lisflood model. It can be concluded that there are
negligible differences between the corresponding results related to stationary vs.
non-stationary approach. The variability among the different climate models is
much larger than that stemming from the assumption of stationarity or non-
stationarity.

Tab. 3 summarizes the most important statistics of the analysis.

Tab. 3: Summary of the results of the frequency analysis based on the approach AMS/GEV.
CCQpo stands for the Climate Change Indicator of the 100-year Flood.

Hydrol. Climate | CCQip> | CCQipn= | CCQug Largest Largest

model models 1.05 1.05...0.95 | <0.95 increase decrease
HYPE 11 8 3 0 40% -1%
VIC 11 0 0 11 -33%
Lisflood 11 5 4 1 20% -6%
All 33 13 7 12 40% -33%

5. DISCUSSION AND CONCLUSIONS

The current paper presents an analysis of the expected changes in estimates of the 100-
year flood during the 21% century at the selected target site, Bratislava. The analysis
made use of the database of the SWICCA project that consists of a wide variety of
climate and hydrological model runs that are available for the upcoming decades from
different international projects and databases. In the next paragraphs, we are first going
to discuss some particular settings of the analysis that are expected to have influenced
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our results. Later, a more general evaluation of the benefits and the drawbacks of the
concept based on the SWICCA climate indicators will be given.

We are aware of the fact that one of the limiting factors of the analysis is the shortness
of the observed data series (1984—-2014). This is directly represented by considerably
wide confidence intervals of the return level estimates. Furthermore, the shortness of the
observed data series influenced the definition of the common period to derive the
statistical characteristics of the observed and the modelled data for the bias correction.
We had to restrict ourselves to a period of a length of 17 years (1984—2000).

The selected method of bias correction might have also influenced the outcomes. Since
we are focusing on extremes, it may be more rigorous to apply a more sophisticated bias
correction method, such as one based on the similarity of the empirical distribution
functions (e.g., the method of “distribution mapping’ in [5]).

Generally, it is positive that one does not have to run complex hydrological models
locally to get future hydrological data and indices; instead, SWICCA offers easy access
to these data. SWICCA allows for (especially in the case of the current case study)
getting 11x3 time series of river discharge, which are used to estimate the design 100-
year discharge for the 21% century for the target site. The analysis results in 33 estimates
of Qiqo in a relatively wide range, which is beneficial since they correspond to a wide
diversity of emission scenarios, global and regional climate models and hydrological
models. On the other hand, the qualitative results (i.e., whether the Qi is expected to
increase/decrease) highly depend on the particular hydrological model. In other words,
the three hydrological models translate the same set of 11 regional climate model inputs
into considerable different hydrological outputs. This fact emphasizes the uncertainties
hidden in the hydrological models, so one has rather to avoid model-based
interpretations of the outcomes.

The working hypothesis is that the improved statistical methods of frequency analysis
with the combination of the SWICCA climate impact indicator will reveal more insight
into the expected behavior of floods with low probability of occurrence, and this
knowledge might be transformed into flood management and adaptation plans.

The boundary banks of the Danube River in Bratislava are designed on the basis of the
estimate of Qio0, and are constructed with a sufficient reserve (reliability) to resist
against even larger floods. The information on Q1o On the basis of 33 scenarios together
with the knowledge on Qigo from the past decades are useful at least from two aspects:
(i) from the qualitative point of view, i.e., one can see what percentage of the scenarios
yield considerable increase/decrease/no change, and (ii) from the quantitative point of
view, i.e., one can assess the recent status of the flood prevention system, both in the
light of the worst and the best scenarios. The largest values of CCQ1go may directly and
indirectly indicate the amount of necessary investments (financial, material, logistical,
political etc.) into the flood prevention system. On the other hand, even the best
scenarios (cases with CCQ199 < 0.95) may convey valuable information. In this case the
buildings that have been constructed on the basis of ‘old’ estimates of Q00 Would not
need to be rebuilt, they may be declared as flood safe, eventually as protected even
against the 1000-year flood. Furthermore, some of the new constructions (dams,
bridges) will have lower costs of realization and running expenses.
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Overall, the multitude of the model outcomes is an excellent basis to get the first sight
on the possible range of the expected changes in the 100-year flood. On the other hand,
at this stage of the analysis one cannot arrive to a clear conclusion concerning the sign
of these changes. Generally, it is expected that adoption of the novel frequency
estimation approach (peaks-over-threshold method) and its comparison with the current
AMS/GEV approach will shed more light on the unresolved problems. It is anticipated
that POT method will show more beneficial statistical behavior (i.e., narrower
confidence intervals of the return levels); nevertheless, this analysis is still to be carried
out.
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ABSTRACT

The Arda River is the main river course in the mountain range Rhodopes located in
Southern Bulgaria. Its river basin is characterized by highly variable relief and
diversified geological and hydrogeological conditions. The groundwater is recharged
mostly from precipitation and forms baseflow of the Arda River and its tributaries.

The aim of the study is to evaluate the contribution of groundwater in the formation of
river flow within the Arda River basin. For this purpose, the groundwater recharge
index GWI (groundwater recharge as a ratio of total runoff) is defined. Available
hydrogeological information is scarce, and limited to particular areas. Therefore,
indirect methods and GIS approach are used to evaluate the role of groundwater in the
river runoff formation for the study area. The main factors controlling the groundwater
recharge and flow: the relief, soil texture, and aquifer permeability are taken into
account.

The resulting map provides information on the spatial distribution of groundwater
recharge index over the study area. The obtained results are validated with data from
baseflow separation of the river flows at several gauging stations within the study area.

Keywords: groundwater, baseflow, GIS, Arda River basin, Bulgaria
1. INTRODUCTION

The role of groundwater in the formation of river flow is evident — it supports river
runoff during low flow periods. Low permeable rocks restrict the baseflow, resulting in
high river flow variability. On the contrary, the groundwater-dominated rivers typically
related to major aquifers, are characterized with rather stable river runoff and relatively
high baseflow [1].

The aim of the study is to evaluate the contribution of groundwater in the formation of
river flow for the Arda River basin located in Southern Bulgaria. The groundwater is
recharged mainly from precipitation, and forms the baseflow of the Arda River and its
tributaries. The quantitative hydrogeological information is scarce and limited to
particular areas. A reliable approach for such cases is the heuristic method of Doll et al.
[2, 3] successfully applied for several Bulgarian study areas [4, 5]. This method
provides spatial distribution on the groundwater recharge index GWI1 defined as a ratio
of the groundwater recharge to the total runoff.
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2. DESCRIPTION OF THE STUDY AREA

The Arda River is the main river course in the mountain range Rhodopes in Southern
Bulgaria. The study area covers Bulgarian part of the Arda River basin, with total
drainage area of 5213 km?.

2.1 Physical environment

The climate of the study area is under influence of the Mediterranean Sea. The mean
annual air temperature across the Arda River basin varies between 8 and 13°C, with
lower values for mountains. The hottest month is July with mean monthly air
temperature from 17 to 24°C depending on elevation. The coldest month is January with
monthly average temperature in Eastern Rhodopes about 1.5-2°C above zero. In the
mountains, with increase in elevation the air temperature is falling below zero.

The total annual precipitation in the region of Kardzhali is 600-650 mm, and for the
south-east Rhodopes over 1000 mm. The driest months are August and September.
Most of precipitation falls during the cold half-year (from November to February). Mild
winters are typical for the area. Due to frequent warming periods in winter, the
snowpack is not stable — the snow melts several times during cold season.

The Arda River takes its source from a karst spring and drains eastern parts of Western
Rhodopes and almost entirely Eastern Rhodopes. The elevation of the Arda River basin
ranges from 2126 m to 32 m asl at its influence to the Maritsa River on the territory of
Turkey. The mountains in Eastern Rhodopes are low with flattened form, and they are
divided by broad valleys.

The main tributaries of the Arda River are: Malka Arda, Cherna, Elhovska, Varbitsa,
and Krumovitsa Rivers. The river flows are measured in several hydrometric stations
operated by the National Institute of Meteorology and Hydrology at Bulgarian Academy
of Sciences (NIMH-BAS). The drainage areas for the studied river gauging stations
within the Arda River basin are presented in Fig. 1.

2.2 Hydrogeological setting

The Arda River basin is characterized by complex geological structure. Numerous block
and fault structures are identified shown in tectonic sketch by Boyanov and Goranov
[6]. Proterozoic metamorphic rocks are presented mainly by schists and gneisses with
discrete packages of marbles and amphibolites. When fractured, marbles tend to
develop high conduit permeability. The high-grade basement rocks are intruded by late
Cretaceous — Oligocene granitoids.

Paleogenic volcano-sedimentary rocks widespread in the study area are divided in
several lithotectonic units. The most permeable Paleogenic rock is limestone from the
marlstone-limestone formation. Quaternary deposits consist mainly of alluvial
sediments along the river courses.

As a result of highly variable relief and complex geological structure, diverse
hydrogeological settings are observed over the study area. Low permeable bedrocks
prevail in the study area, such as the volcano-sedimentary formations that are locally
fissured. Major aquifers are related to karstified carbonate formations (Proterozoic
marbles and Paleogene limestone). The Quaternary alluvial and proluvial deposits are
permeable, and favor the groundwater formation.
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Fig. 1: Study area

3. METHODS AND DATABASE

The precipitation falling over the study area is partitioned into evapotranspiration and
runoff, which is divided into direct runoff and baseflow. The last component of the river
runoff is more stable and supports the river flow during low flow periods.

In this study, such partitioning of the total river runoff is done in GIS environment
based on the method proposed and used by Daéll et al. [2, 3]. For validation, the river
hydrograph separation method is applied based on data for hydrometric stations within
the study area.

3.1 Method of Doll et al.

Doll et al. [2, 3] developed and applied new heuristic method to evaluate both the
groundwater recharge and the role of groundwater in the total river runoff formation.
This method takes into account the main factors controlling the groundwater recharge,
such as topographic slope, soil texture, and permeability of the rocks. Evidently, with
steeper slopes, finer soil textures and less permeable aquifers, groundwater recharge as a
fraction of total runoff from land is expected to decrease. The groundwater recharge
factor f,, which reflects the proportion of groundwater in the total river flow, is

defined based on equation:

fo = fox foxt, (1)
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where f., f,, f, = the slope-related, soil texture-related and aquifer-related factors

respectively. All factors vary between 0 and 1. The calculations are performed in GIS
environment.

3.2 Baseflow separation method

To validate the results obtained by the method of DAl at al. [2, 3], the values of the
baseflow index (BFI, relation of baseflow to the total runoff) are defined for the
drainage areas for the respective hydrometric stations. The baseflow separation is
effective method to divide the slow subsurface component of the river runoff considered
as baseflow. This method is applicable under conditions as follows: undisturbed river
flow, daily data, and coincidence of the surface and subsurface water divides.

The baseflow separation is done based on the local minimum method [7] using the
software BFI+3.0 developed by M. Gregor [8]. Generally, the value for N, which
defines the width of non-overlapping periods, is set to a value of 5 days. According to
Miller [9], the optimal value of N is defined as a break point of the relationship between
N (1, 2, ..., 30 days) and long-term average BFI values.

3.3 Data base

Base maps for the study are: the digital elevation model (DEM), the soil, geological and
hydrogeological maps. The soil map is provided by Prof. Bozhidar Georgiev [10]. The
updated hydrogeological map was drawn in the frames of the BG-GR GWB Project.

The daily discharge data for the period 2000-2005 for the gauge stations within the Arda
River basin (for the baseflow separation) were acquired from a database provided by
Bulgarian ministry of Environment and Waters through the JICA Project [11].

4. RESULTS
The groundwater recharge factor f is defined by Eq. (1). This means that the raster

dataset layers for the factors f,, f, and f, should be prepared and multiplied. All
thematic raster layers are with cell size scale 100*100 m.

The first step is preparing of the raster dataset layers for the three factors, and the
second step is elaboration of the raster dataset layer for the groundwater recharge factor.
The third step is the baseflow separation of the river hydrograph for several river gauge
stations. The fourth step aiming at validation is comparing of the value of the baseflow
index BFI (from the baseflow separation process) for several drainage basins with the
mean value of the factor f , for the same drainage areas. Both parameters reflect the

role of groundwater in the total river runoff.
4.1 Defining the slope-related, soil texture-related and aquifer-related factors

The topographic slopes for the study area are defined based on the digital elevation
model (DEM). The overall range of the slope values is divided into seven slope classes.
The values of the slope-related factor f, for each slope class are given in Table 1 [2, 3].

The prepared raster map for the study area is presented in Fig. 2.
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Tab. 1: Values of the slope-related factor

slope class | slope, % fs value
1 0-2 1

2 2-5 0.95

3 5-8 0.90

4 8-16 0.75

5 16 - 30 0.60

6 30-45 0.30

7 > 45 0.15

Parameterfs [ ]0.75
o115 [0.90
[ o030 oS
[Jo60 | 1.00

0 25 ~ 100
km

Fig. 2: Spatial distribution of the slope-related factor f,

The soil texture-related factor f, is determined based on the soil map provided by Prof.

Bozhidar Georgiev [10]. Within the study area, the medium and fine soil texture classes
prevail, with the factor values similar to these from the corresponding table [2, 3]. All
factor values for the study area are given in Table 2. The prepared raster map is
presented in Fig. 3.

Tab. 2: Values of the soil texture-related factor

Soil texture f; value
sandy clay 0.6
sandy clay loam 0.65
sandy loam to sandy clay loam | 0.7
sand and loamy sand 0.95
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Fig. 3: Spatial distribution of the soil texture-related factor f,

The base map for the factor f, is the updated hydrogeological map drawn in the frames

of the BG-GR GWB Project. The values of the aquifer-related factor depending on the
permeability of the rocks are presented in Table 3. The presented gradation of this factor
Is in accordance with the gradation proposed by Vasileva [5] for hydrogeologic units
with different permeability and groundwater productivity. The prepared raster map for
the aquifer-related factor is presented in Figure 4.

Tab. 3: Values of the aquifer-related factor

Groundwater in rocks fa value
Hydrothermally altered 0.45
Metamorphites 0.5
Effusive 0.55
Sedimentary-effusive 0.6
Sedimentary 0.65
Granites 0.7
Different Quaternary 0.75
Alluvial sediments 0.80
Limestone, marbles 0.9
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Fig. 4: Spatial distribution of the aquifer-related factor f,

4.2 Defining the groundwater recharge factor

The groundwater recharge factor is defined by multiplying the raster datasets for the
above factors according to Eq. (1). Figure 5 shows the resulting raster layer for the
groundwater recharge factor. The presented map reflects rather variable spatial
distribution of the factor f_,, where low values prevail. Spots with high values are

related mostly to the outcropped carbonate and alluvial deposits.
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Fig. 5: Spatial distribution of the groundwater recharge factor f,
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4.3 Validation of the results and discussion

The baseflow separation is applied for river discharge from the hydrometric stations
within the Arda River basin for the 2000-2005 period. For the purpose the local
minimum method from the software BFI+3.0 is used.

According to the advice of Miller [9], the values of BFI are computed for a range in N
values, and the optimal value of N is identified as a break point of the relationship
between N and the BFI values.

The resulting values of BFI values along with the optimal values of parameter N (Nopt)
for the studied hydrometric stations are given in Table 3. In the rightmost column of the
table, the mean value of the parameter f, is given for the respective drainage area.

Tab. 3: The BFI data for the river gauge stations within the Arda River basin

N River Location Area, km? Nopt, days | BFI Mean fg
61650 | Arda Rudozem 258.8 15 0.432 | 0.288
61350 | Chernareka | Taran 237.4 8 0.479 | 0.278
61700 | Arda Vehtino 860.3 8 0.387 | 0.260
61550 | Krumovitsa | Krumovgrad | 500.3 10 0.245 | 0.263
61450 | Varbitsa Varli dol 472.2 16 0.205 | 0.235
61500 | Varbitsa Dzhebel 1151.8 7 0.247 | 0.258

The comparison of the values of BFI and the factor f, show that they are similar for

watersheds of the Varbitsa and the Krumovitsa Rivers that are built from low permeable
formations. On the contrary, other drainage areas show BFI values much higher
compared to the mean values of factor f , . Evidently, this difference is due to

outcropping karstified formations within the watersheds of the Arda River at Rudozem
(N 61650), the Arda River at Vehtino (N 61700), and the Cherna Reka River at Taran
(N 61350). It is known that karst aquifers receive direct inflow from the river courses
crossing the carbonate formations. This focused recharge is not taken into account by
the model of Doll at al. [2, 3], which considers only diffuse groundwater recharge.

Therefore, only watersheds of the Krumovitsa and the Varbitsa Rivers (given in the last
three rows of Table 3) are eligible for validation and the respective values of BFI and
f,, aresimilar.

The obtained results are in line with the statement of L. Zyapkov [12] that the
watersheds of the Varbitsa and the Krumovitsa Rivers are characterized by lower
baseflow due to unfavourable soil and land cover conditions, which restrict groundwater
recharge.

The river runoff data for the Malka Arda River at Banite (N 61400) and for the
Elhovska River at Rudozem (N 61330) are not used for the baseflow separation as the
registered backwater effect has led to inaccurate data.
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5. CONCLUSION

For the Arda River basin, the groundwater recharge index GWI1 (groundwater recharge
as a ratio of total runoff) in GIS environment is defined based on the method of Doll et
al. [2, 3]. The respective map showing the spatial distribution of the groundwater
recharge factor f, reflects the contribution of groundwater in the formation of the river

flows. The main factors controlling the groundwater recharge and flow including the
relief, soil texture and aquifer permeability, are taken into account.

The obtained results are validated with data from baseflow separation of the river flows
at several hydrometric stations within the study area.

The resulting map provides information on the spatial distribution of groundwater
recharge index over the study area. It may be used for management of surface and
groundwater resources by the East-Aegean Basin Directorate.
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1 INTRODUCTION

Minimum flow is one of the basic concepts that are used in hydrology for analysis and
streamflow calculations. The minimum discharge is a major hydrological characteristic
that is used to calculate of the design, construction and operation of hydraulic structures
on rivers. Thus, the study of the current spatio-temporal fluctuations of the minimum
flow of rivers is an actual task.

In the world two methodological approaches to detect changes in the hydrological
observation series: deterministic and statistical is wide using. Each approach reflects the
idea about a flow formation mechanism. The deterministic approach is presented the
graphic methods that mainly include various correlation graphs, frequency of values,
histograms, mass curve, double mass curve, residual mass curve, chronological charts.
Among them, vast majority of researchers is preferred the methods of mass curve,
double mass curve, residual mass curve. Many scientists in their researches methodical
approaches on using these methods were developed. Among them, the most
contribution is created: Pimmur V., 1883; Merriam C.F., 1937; Searcy J.K. & Hardison
C.H., 1960 et al. [1-3]. Nevertheless, the guidelines for these methods were developed
separately for each method and for solving a particular problem. However, with certain
graphic (hydro-genetic) methods can successfully carried out the assessing of the spatio-
temporal fluctuations of runoff. Therefore, in this paper the methodological approaches
for the hydro-genetic methods are used. This approach was developed by Gorbachova
[4-6].

The goal of this paper is study of the spatio-temporal fluctuations of the averages 30
daily minimum discharges for summer, autumn and winter periods, and for the rivers
with unstable freeze-up in the Danube basin within Ukraine based on using hydro-
genetic methods.

2 DATA AND METHODOLOGY

For mountain rivers Danube Basin within Ukraine the low water is observed for the
winter period. During this period, the rivers have the groundwater feed. The low water
for summer is much higher than winter because in summer often fall intense rains that
cause rise in water levels, leading to interruption of low water. The basins rivers Uzh,
Latoritsa and Borzhava are exceptions because these have the low water of summer is
lower than the winter [7]. The rivers of the Danube basin within Ukraine belong to
mountain streams with stable and unstable freeze-up. The study the long-term (since the
beginning of the observations to 2010) of the averages 30 daily minimum discharges for
summer, autumn and winter periods, and for the rivers with unstable freeze-up were
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carried out for mountain rivers Danube Basin within Ukraine (34 gauging stations). At
the 20 gauging stations carries out observations for the averages 30 daily minimum
discharges of the summer, autumn and winter periods and at the 14 gauging stations
carries out observations for the averages 30 daily minimum discharges for rivers with
the unstable freeze-up.

In this paper, the hydro-genetic methods of the assessing the homogeneity and
stationarity of hydrological series were used. These methodological approaches on the
principle "of simple to complex" based on the using of graphical (hydro-genetic)
methods were developed. The main ones are the mass curve, the residual mass curve
and the graphics combined. In 1883 W. Rippl developed methods mass curve and the
residual mass curve [1]. Now the mass curve used to detect the influence of
anthropogenic factors (hydraulic structures, canals) and of climate change (the presence
of trends in the data series). If on the mass curve will not be found "jumping”,
"emissions™ or unidirectional deviation, then the process the forming of the runoff in the
study area is homogeneous, and conversely. The mass curve is defining with formula

[1]:

W= Sw(t) | 1)
t=1

where W — the total runoff of river for period time T,
w(t) — the runoff of t-th year.

The analysis of the residual mass curve allows to define the stationarity of data series,
namely the sustainability of the average value the hydrological characteristic in course
of time. The average value of the time series is stable in the presence of at least one full
closed cycle (dry and wet phase) of long-period fluctuations [8]. The residual mass
curve is defining according to [1, 8]:

> (k(t)-1)
), @)

Cv

where C, — the variation coefficients of runoff;
k(t) = Q(t)/Qo — the modulus coefficients;
Q(t) and Qo — the discharge of t-th year and the average discharge for the period
of time T.

Combined graphs of characteristics allows defining synchrony/asynchrony of long-term
fluctuations in different rivers within the one hydrological homogeneous area. In turn,
the synchronous fluctuations indicate on the homogeneous climatic conditions of
formation runoff.
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In terms of the hydro-genetic analysis was defined the concepts such as change and
variability, the homogeneity and stationarity of the hydrological series. [4-7]. The
homogeneity of the time series is the absence of unidirectional changes of the
hydrological characteristic (refers to a one genetic series - floods, rain floods etc.) over
time against the backdrop its variability due to the long-term cyclical fluctuations. The
stationarity of the time series is the constancy of average value hydrological
characteristic over time if the time series has at least one full closed cycle (dry and wet
phase) of the long-period fluctuations. The change of the time series is the unilateral
deviation from a straight line of the hydrological characteristic, that is in such a state the
hydrological characteristic is moving to a new quality, that is due the state of factors
that are formed the hydrological characteristic or the human activities. The variability of
the time series is a temporary deviation from a straight line of the hydrological
characteristic that is in such a state hydrological characteristic is getting a new quality
only for a period. In the case of long-term cyclical fluctuations, this period can last for
decades, but at the same, the hydrological characteristic from time to time returns to its
"old" state. This same scenario is relevant for short-term cyclical fluctuations, but the
period is much shorter and is usually considered a few years.

The assessing of the homogeneity and stationarity of the hydrological series necessarily
the following provision use:

- in the hydrological series need to restore the gaps in observations and bring them to a
long-time period, that allows to trace the temporal dynamics of hydrological
characteristics over a longer time interval;

- the homogeneity of the hydrological characteristic over time is researching with
integral curve;

- the stationarity of the hydrological characteristic is researching with difference-
integral curve.

For clarify the results obtained (if necessary) can be used the other hydro-genetic
methods and approaches (the analysis of meteorological factors of the runoff formation,
the combined graphics etc.).

3 RESULTS

The graphs of the mass curves and residual mass curves of the minimum flow of the
summer, autumn and winter, and for the rivers with unstable freeze-up in the Danube
basin within Ukraine for 34 catchments were created. Some examples of such curves are
shown in Fig. 1. The view of the some mass curves of the average of 30 daily minimum
discharges shows that the series of observation can be attributed to non-homogeneous,
e.g. in Fig. 1 a. The mass value of the minimal discharges considerably deviate from a
straight line, as if forming a kind of arc. Analysis of the residual mass curves such series
showed that they have only the decrease and increase phases of cyclical fluctuations
(Fig. 1 d, e, f). The duration of such phases is impossible to forecasting. In the different
phases of cyclical fluctuations is observing the different trends of runoff (decrease and
increase). In addition, the decrease and increase phases have the different the averages.
Thus, by analyzing the mass curves and residual mass curves can be concluded that the
non-homogeneity such series is caused by cyclical fluctuation of the minimum flow of
the rivers. It is temporary and occurs only that the combined analysis of different phases
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(decrease and increase) of cyclical fluctuations are carried out. These series of
observation can be attributed to the quasi-homogeneous and quasi-stationary. Such
conclusion is confirmed by the analysis of other series that have several different phases
of cyclical fluctuations, e.g. in the observation series the Prut river — Yaremcha town

(Fig. 1 b, e).
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Fig. 1 The some mass curves (a, b, ¢) and residual mass curves (d, e, f) of the
minimum flow of the summer-autumn and winter periods, and for the rivers with
unstable freeze-up in the Danube basin within Ukraine

The mass curves of these series don't have any significant points of the fracture of the
directions of the curves, i.e. the observations series are the homogeneous. In addition,
these series have a several full-closed cycle (decrease and increase phases) of long-time
fluctuations, i.e. the observation series are the stationary.

Analysis of the residual mass curves of the minimum flow shows that they have
different type of the cyclical fluctuations that are asynchronous and non-in-phases
(Fig. 1 d, e, f). Differences the trends of the minimum flow of the Carpathian rivers can
be explained by the specificity of the surface watersheds, such as the mountainous
terrain, the exposition of slopes (windward slopes receive much more rain), the presence
of large forest areas and others.

4 CONCLUSION

The observation series of the averages 30 daily minimum discharges for the summer-
autumn and winter of periods, and for the rivers with unstable freeze-up in the Danube
basin within Ukraine that only have the decrease and increase phases of cyclical
fluctuations are the quasi-homogeneous and quasi-stationary. Quasi-homogeneity and
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quasi-stationary of the observation series is temporary and occurs only at the
comparative analysis of increase and decrease phases of cyclical fluctuations. Series of
observation that have several different phases of cyclical fluctuations are homogeneous
and stationary.

The observation series of the minimum flow in the Danube basin within Ukraine have
different type of the cyclical fluctuations that are asynchronous and non-in-phases. It
can be explained by features of the surface watershed and climatic factors in river basins
that are manifested in the uneven distribution of rainfall, temperature and evaporation.
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1. INTRODUCTION

The thermal regime of rivers is one of the issues that have significant scientific and
practical interest. According to the forecasts and researches of many scientists
throughout this century will be and already occurring significant changes in water
temperature of rivers due to global warming. So, fluctuations of water temperature
usually corresponds the changes of air temperature in general. However, the uniqueness
of relationship between air temperature and water temperature in rivers is disturbed
local features that are characteristic the river as a whole or its individual parts. The most
rivers of Siverskyi Donets River Basin have the significant effect of human activities
(dumping into rivers industrial and domestic waste water, mine water, over-regulation
of rivers by reservoirs and ponds) that in turn leads to changes in thermal regime.

The goal of this paper is the estimation of the homogeneity of the long-term fluctuations
of the average annual temperature water in the Siverskyi Donets River. It will allow to
reveal possible changes and to analyze reasons for these changes.

2. MATERIAL AND METHODS

Siverskyi Donets River is the largest river in eastern Ukraine and the largest tributary of
the Don (Fig. 1). The total length of the river is 1053 km, and the area of its drainage
basin is 98 900 km2. Long-term average annual water discharge in gauging section
Siverskyi Donets River — Kruzhylivka village is 137 m s™ (1957-2010).

The analysis of the average annual water temperature was carried out for the data 33
hydrological gauges of the Siverskyi Donets River Basin. The period of observation on
these gauging stations is from 24 (Lopan River — Kozacha Lopan village) to 61 years
(Vilkhova River — Luhansk town) (from the start of observations till 2013 inclusive). To
analyze average annual temperature the data from 14 weather stations were used.

To operate with the observational data one must adhere to the conditions of
homogeneity and stationarity of the members of a statistical series [7]. In this paper the
hydro-genetic analysis of homogeneity the average annual water temperature and air
temperature was carried out. Methodological approaches to the assessment of the
homogeneity and stationarity of hydrological series based on hydro-genetic methods
(the mass curves, the difference integral curves, the combined chronological graphs) are
used. This approach was developed by Gorbachova [1].

The mass curve is used to detect the influence of anthropogenic factors (hydraulic
structures, canals) and of climate change (the presence of trends in the data series) [3].
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Fig. 1: Gauging and weather stations in the Siverskyi Donets River Basin (within Ukraine)

If the mass curve will not be characterized by "jumping”, "emissions” or unidirectional
deviation, then the water temperature of river in the study area will be homogeneous,
and conversely. The mass curve is defined by formula:

W= () @

where W = total temperature of the river for period time T
w(t) = the temperature of t-th year

Analysis of long-term fluctuations of hydrometeorological elements was carried out by
the residual mass curve that is defined according to:

> (k(H)-1)
g =10 @

where Cv = variation coefficients of temperature
k(t) =T (t)/T, = modular ratio
T(t) =temperature of t-th year
T, = average temperature for the time period T
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The combined chronological graph of hydrometeorological characteristics allows
defining synchronicity/asynchronicity of long-term fluctuations in different rivers
within the one hydrological homogeneous area. In turn, the synchronous fluctuations
indicate on the homogeneous climatic conditions in study area [2].

For comparison of the results the graphs of the long-term dynamics and the residual
mass curves were created in the modular ratio (Ka ) according to:

K,=A/A ©)

where A, =the value i-element of the series
A = average of the series

The graphical processing of input observations data was carried out using program
Hydroparser, which is the project available on the Internet site GitHub (developer is
Oleksandr Zabolotnii). The map of the Siverskyi Donets River Basin was created with
ArcGIS 10.4.1.

3. RESULTS AND DISCUSSION

According to observations data at different gauges the long-term average annual water
temperature of rivers of the Siverskyi Donets River Basin have changed in range from
8,5 °C (Lopan River — Kozacha Lopan village) to 13,9 °C (Udy River — Bezlyudivka
village) (Tab. 1), and average annual air temperature — from 7,2 °C (weather stations
Velykyi Burluk and Zolochiv) to 8,9 °C (weather station Luhansk).

Tab. 1: The list of gauging stations in the Siverskyi Donets River Basin

. . . Fool T : : 2| T,
Ne Gauging station Km2 oc Ne Gauging station F, km oC
1 | Siverskyi Donets River- Oskil River-
Ohirtseve village 5540 | 10.3 | 18 | Chervonooskilska HES 14700 | 10.7
(nyzhniy b'yef)
2 | Siverskyi Donets River- Kazennvi Torets River-
Pechenihy village 8400 | 10.4 | 19 i 936 10.3
LY Rayske village
(nyzhniy b'yef)
3 | Siverskyi Donets River- Kryvyi Torets River-
Chuhuyiv town 10300 | 10.2 | 20 Oleksiyevo-Druzhkivka vil. 1530 | 123
4 | Siverskyi Donets River- Sukhyi Torets River-
Zmiyiv town 16600 | 116 ) 21 Cherkacke village 1310 | 10.1
5 | Siverskyi Donets River- Bahmut River-
Protopopivka village 19400 | 11.2) 22 Artemivsk town 433 113
6 | Siverskyi Donets River- 29600 | 10.8 | 23 B_ahmut River- 1560 | 107
Izyum town Siversk town
Siverskyi Donets River- Zherebets River-
! Yaremivka village 38300 | 10.9 | 24 Torske village 857 9.9
Siverskyi Donets River- Krasna River-
8 Starodubivka village 44400 | 13.4 | 25 Chervonopopivka village 2540 9.2
Siverskyi Donets River- Aydar River-
9 Lysychansk town 52400 | 11.8 | 26 Bilolutsk village 2250 9.6
Siverskyi Donets River- Aydar River-
10 Stanytsya-L uhanska vil. 66800 | 13 ) 27 Novoselivka village 6370 1 10.7
11 | Siverskyi Donets River- 73200 | 12.6 | 2g | Yevsuh River- 784 | 103
Kruzhylivka village Petrivka village
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12 | Vovcha R.-Vovchansk town | 1330 | 9.7 | 29 | Luhan R.-Kalynove vil. 751 10.1
13 | Udy River-Peresichna vil. 905 9.3 | 30 | Luhan R.-Zymohirya town 1820 | 10.5
14 | Udy River-Bezlyudivka vil. 3300 | 13.9 | 31 | Luhan R.-Luhansk town 3510 11

15 | Lopan R.-Kozacha Lopan vil. 189 8.5 | 32 | Vilkhova R.-Luhansk town 814 114
16 | Kharkiv R.-Tsyrkuny vil. 890 10 | 33 | Derkul R.-Bilovodsk vil. 1380 9.8

17 | Oskil River-Kupyansk town | 12700 | 10.1

“T - long-term annual average water temperature; vil. — village; R. — River.

The average annual air temperature at all weather stations (Fig. 2a) and water
temperature at all gauging stations (Fig. 2b) in the Siverskyi Donets River Basin has
increasing trend. The synchronous fluctuations of the air temperature are observed at all
weather stations, although they are located in the different parts of the study area
(Fig. 2a). It is indicates the same influence of air temperature on the water temperature
of rivers at all gauging stations. Time series of the average annual water temperature in
the study basin has synchronous fluctuations in all 33 hydrological points. It is
indication that of the observations data are homogeneous. The example of such
fluctuations for some rivers are shown on Fig. 2b.
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Fig. 2: Long-term fluctuations of a) annual mean Tg; and b) Tyater in the Siverskyi
Donets River Basin (numbering of stations is based on Tab. 1)

According to hydro-genetic analysis for the mass curves of the average annual air
temperature and water temperature in study basin was found that series of observations
is homogeneous, because was received the visually homogeneous series with no
significant "jumping"” or unidirectional deviations (Fig. 3a, 3c). Some sligth variations
in the curves direction are associated with long-term fluctuations (Fig. 3b, 3d).

Weather station —— Weather station Kharkiv
=600 Kharkiv 1

%A O 9™ 1967 1990 2013
E%0 =
2 %11
<, , , 2
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Fig. 3: The mass curves (a, ¢) and residual mass curves (b, d) of the average annual air
temperature and water temperature (°C) in the Siverskyi Donets River Basin

The graphs of the residual mass curves of the average annual water temperature and air
temperature for all 33 gauging stations and 14 weather stations of the Siverskyi Donets
River Basin were created (Fig. 4).

a) . —10 —20 —3
15 —34 , —35 ——36

N

1960 19¢3 1986 1999 2¢12

17 -

Fig. 4: The residual mass curves of long-term fluctuations of the average annual water
temperature (°C) (numbering of stations is based on Table 1) and air temperature (°C)
(34 — weather station Bilovodsk; 35 — weather station Kharkiv; 36 — weather station
Izyum) in the Siverskyi Donets River Basin

The all curves (Fig. 4) indicates that the end of the 80s of the 20th century the average
annual air temperature and water temperature of rivers has increasing trend. The
exceptions are 8 gauging stations (Fig. 4a), which at the same time has decreasing trend.
One can assume that one of the factors of decreasing of water temperature on these
stations is to reduce of capacity the thermal power station and, thus, dumping heat
(e.g., Luhansk power station worked less powerfully in the second half of the 90s of the
20th century than in 1975-1990).

Ukrainian and foreign scientists in their researches indicate that the increase of air
temperature at the end 80's and early 90's of the 20th century was led to changes of
water temperature other rivers of our planet [4, 5, 6, 8]. That means, the results of this
study are confirmed by researches of other scientists that air temperature has a major
effect on the water temperature of the river.
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Fig. 4 shows that the curves of the average annual water temperature during the study
period are synchronous. In addition, it coincides with fluctuations in average annual air
temperature (Fig. 4b), and this means that series of observations of the above-indicated
hydrometeorological characteristics are homogeneous. However, the residual mass
curves of water temperature for 8 gauging stations (Luhan River — Zymohirya town,
Luhan River — Luhansk town, Vilkhova River — Luhansk town, Kryvyi Torets River —
Oleksiyevo-Druzhkivka village, Siverskyi Donets River — Kruzhylivka village,
Siverskyi Donets River — Starodubivka village, Siverskyi Donets River — Lysychansk
town, Siverskyi Donets River — Stanytsya-Luhanska village) are asynchronous phase
relative to other curves of 25 gauging stations and air temperature of all 14 weather
stations (Fig. 4a). In turn, this indicates about human impact on the water temperature
these rivers, because these gauging stations are located in the area of river valley of the
Siverskyi Donets River, that has the most intense technogenic load in the Luhansk
region [9].

4. CONCLUSION

Hydro-genetic analysis of the long-term annual average air temperature and water
temperature of the Siversky Donets River Basin showed that the series of observations
are homogeneous. The results of the study by the residual mass curves showed that the
long-term fluctuations of the average annual air temperature and water temperature in
study basin are synchronous and synchronous phase. The exceptions are 8 gauging
stations, because the residual mass curves is synchronous, but asynchronous phase
relative to other curves of gauging stations and all weather stations. It is caused by
significant human impact. In the Siverskyi Donets River Basin from the end of 80s of
the 20th century there is tendency to increase the average annual water temperature of
rivers, that is caused by corresponding increase of air temperature.
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ABSTRACT

The Gab¢ikovo Dam on Danube River was put into the operation in October 1992. The
influence of the water reservoir has been observed mostly on the changes of water levels
both on surface waters and groundwaters. The backwater influence on the Danube water
levels has reached also the water-gauging station in Bratislava, which is the station with
the longest data records among water-gauging stations in Slovakia. Due to the changes
of flow velocities manifested into the changes of stage-discharge relations since then the
discharge has started to be evaluated from the upper station in Bratislava-Devin.

A main topic of this article is the comparison of two 10-year periods: 1979-1988 (before
damming) and actual last evaluated 10-year period 2006-2015, in selected monitoring
objects of surface waters and groundwater. The changes in discharges are manifested
mostly in the part of old Danube channel between the Cunovo weir and Sap, as part of
the discharge is flowing through the inlet channel to the hydropower plant.
The hydraulic regime of the Danube River under Gabcikovo (the outlet of the waste
channel) is affected just slightly. More significant are the changes in water levels
in Danube River channel upstream of the dam, and the changes of velocities, especially
in the periods of low flows.

Monitoring of the groundwater levels have confirmed that increased groundwater levels
occurred in the surroundings of Bratislava and in the upper part of the Zitny ostrov
downstream up to Samorin and the Little Danube. Decreases of ground water level were
recorded in between the entrance into the bypass canal and mouthing of the tailrace
canal into the Danube. Besides this, a reduction of amplitudes of ground water level
fluctuation occurred along the Danube, Cunovo reservoir and bypass canal; an increase
of amplitudes appeared along the tailrace canal and the Danube downstream up to
CiGov. The recent general decrease of the ground water level is important in the upper
part of the Zitny Ostrov Island, where the largest increases of ground water levels
occurred immediately after putting the Gabcikovo hydraulic structures in operations.

Keywords: Gab¢ikovo Water Dam, hydrological regime, Danube River

This article freely follows the poster presented in 2006 in Belehrad [1], where the
changes in Bratislava profile on Danube River under the Novy most (New Bridge) were
evaluated for the 20-year period 1986-2005.

The aim of this work was to use the results of surface water and groundwater quantity
monitoring for the comparison and evaluation of possible changes in hydrological
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regime due to the construction of Gab¢ikovo Dam in 1992 and its operation since then.
For an assessment in this paper there were selected two 10-year periods: hydrological
years (1979 - 1988 (from the period before the Gabc¢ikovo dam has been built) and
2006 - 2015 as last evaluated 10 —year period). The periods were selected in this way
also to find the same comparable time sections covered in the area of interest by
monitoring in stations from both monitoring networks — of surface water quantity as
well as groundwater quantity.

Hydrological view of Danube River in Bratislava in selected time periods shows that
first period (1997 - 1988) is in average slightly higher in mean discharge (104 %) than
actually used mean long-term discharge for reference period 1961 - 2000 (Qa,1961-2000)
and second period (2006 - 2015) is slightly lower (97%). During the first period the
mean annual discharges varied between 85% to 116% of Qg 1961-2000, While the minimum
mean annual discharge was recorded in 1984 and maximum in 1980. The minimum
mean annual discharge in second period was observed in years 2007 and 2015 (86%
of Qa,1961—2000) and maximum in 2013 (119% of Qa,1961—2000)-

The cross section of the river bed and its changes in this profile were assessed from the
discharge measurements made those times by a rotating element current meter with a
hundred kilogram weight, in the verticals with a 10 m step. During the second selected
period in this paper most part of the discharge measurements on Danube were
performed by an ADP instrument, and the measurements from New Bridge by the
rotating current meter are made sporadically (usually once a year on Danube day in the
frame of promo activities for public). In Fig. 1 we have compared the cross section
measured in June 2016 with 2 previous ones — from the year 1991 (selected from the
measurements made in the period before the Gabcikovo Dam has been put into
operation in October 1992), and one from 2002 (10 years after damming). We can see
that between the status from 1991 and 2002 there is a significant increase of the river
bed (in the middle part more than 1 m) as the consequence of the backwater influence of
dam and in connection with that an increasing sedimentation of moving gravel on the
river bed. The measurement in 2016 shows partial decrease of the middle part of river
bed when compared with 2002, what can be the result of high flow velocities during the
extreme flood from June 2013 (the mean value of flow velocity during the measurement
of discharge close to the culmination on 6™ June 2013 was 3,3 m/s).
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4| The cross section Danube in Bratislava (under New Bridge)
years 1991, 2002 and 2016
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Fig. 1: Cross section Danube — Bratislava (under New Bridge)

The backwater influence together with consequently raised river bed level have caused
the change of stage-water relation in the profile of Bratislava water-gauging station.
The comparison between the discharge measurements and corresponding water stages in
selected periods (1979 - 1988 and 2006 - 2015) on Fig. 2 shows, that in the area of low
flows (Qagaq = 800 m?/s) the difference in water levels is about 1,75 m (in previous
article comparing also the period shortly before damming the difference was even
higher, close to 2 m) and in the area of long-term mean discharge the water level
difference makes slightly more than 1 meter. Up to the high discharges (more than
8000 m?/s) the difference is disappearing.

Similarly, the velocities in this profile have been changed, in the area of low flows
(< 800 m%/s) the values of mean flow velocities have decreased for about 0,5 m/s and
for mean long-term discharge (2061 m?/s) the difference makes about 0,34 m/s.

The mean flow velocities in the profile during the discharge measurements in the period
1979-1988 varied from 1,6 m/s to 3,06 m/s (maximum in August 1985, at discharge ca.
7600 m¥/s), in the period 2006-2015 the mean profile velocities varied from 1,0 m (low
flow period in 2011) to 3,3 m/s (during the exceptional flood in June 2013, measured
discharge 10 540 m%/s).
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Fig. 2: Change of stage-discharge relation in Bratislava — Danube water gauging station
(periods 1979-1988 vs 2006-2015)

After building the Gab¢ikovo Dam, the discharge of Danube in the area of water work
has been divided into two channels: old Danube river channel and inlet/outlet dam
channel. The discharge in the old Danube channel is evaluated in water-gauging station
Dobrohost’ since November 1995. During the first evaluated period (before Gabcikovo
Dam) the station was not in operation, however, those times the discharge flowing in the
old channel was similar to that in Bratislava. In the second evaluated period
(hydrological years 1979 - 1988) the mean daily discharges in Dobrohost’ varied from
157,3 m*/s (22" May 2013) to 5 834 m®/s (7" June 2013). The mean annual discharges
in this profile during evaluated period varied from 335,7 m%s (2012) to 428,3 m®/s
(2013), what represents relative parts from 16,6% to 20,1% of the mean annual
discharges in water-gauging station Bratislava — Danube, the rest was flowing through
the water work.

The nearest water-gauging station on Danube River downstream of the water dam
Gabcikovo is in Medved’ov (river log 1806,3 km, what means 62,45 km downstream
from Bratislava station). The situation of water-gauging stations Bratislava (5140),
Medved’ov (5145) and Dobrohost’ (5153) is shown at Fig. 4. When comparing the mean
long-term discharges in Bratislava and Medved'ov maybe it looks unusual, that in
downstream station (Medved'ov) the discharge is lower than in the upper station.
The reason is that between these stations the river is feeding the groundwater, especially
at Zitny ostrov, which is a very important groundwater source of drinking water.

The ratio between mean annual discharges in Medved'ov and Bratislava in selected
periods varied from 92,6% to 98,2% in first period (1979 - 1988) and from 95,1% to
98,1% in second one (2006 - 2015) — see Figure 3. The mean value of the ratio
Qr Medvedov / Qr Bratislava in first period is 95,5%, while in second period the mean
value is higher, 96,4%. The difference 0,9% represents the difference in discharge in
average about 18 m/s.
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Fig. 3: Ratio of mean annual discharges in stations Bratislava and Medved’ov in two
selected periods (1979 - 1988; 2006 - 2015)

Groundwater
Monitoring network

During the first evaluated period (1979 - 1988) the groundwater quantity was monitored
in more than 300 objects in the broad area of the GabcCikovo hydraulic structures, and
during second period (2006 - 2015) it was in 234 objects. From these monitored objects
we have selected 203 objects for evaluation of ground water level regime (Fig. 4). The
characteristics used for evaluation of ground water level were: maximum, minimum and
average states of ground water level, and their fluctuations.
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Fig. 4 Ground water level observation network and selected water-gauging stations at
Danube River

Maximum states

The maximum level of ground water in the major part of the territory in the period
1979-1988 were higher than those recorded during the period in 2006 - 2015 (Fig. 5).
Exception is the area between Dunajska Luzna, Trstend na Ostrove, Senec and Jelka
where the maximum states decreased (-30-140 cm). In other parts of the territory we
recorded increase of maximum states. On the Danube right side, increase up to 100 cm
prevailed. The largest declines of maximum states can be observed near Cunovo
reservoir, bypass canal and arm system, where the declines reached as much as 140 cm.
In other parts of the territory the decline did not exceed 50 cm.

Depth of ground water and its maximum state ranges between 1-3 m in the middle and
lower part of the Zitny ostrov Island, with the exception of the area of Novéa Straz —
Komarno, where the depth of ground water reaches 4 — 4.5 m, and of the area of the arm
system, which is flooded at high water levels in the Danube. In the upper part of the
Zitny ostrov Island, the ground water level declines below 3.5 m under the ground
surface in the area defined by the line Ivanka pri Dunaji — Zlaté Klasy — Samorin —
Kalinkovo — Biskupické rameno in direction toward Podunajské Biskupice, where the
largest water level depth was recorded — almost 9.0 m.
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Fig. 5 Ground water maximum level differences between periods (2006-2015) and
(1979-1988)

Minimum states

On the Danube right side and in area of the upper part of Zitny ostrov Island, the
minimal states in the period 2006 - 2015 were higher than those recorded during the
period 1979 - 1988 (by 200 - 400 cm, sporadically even more) (Fig. 6). The increase of
the minimum states reached 10-30 cm on the remaining part of the Zitny Ostrov Island.
In comparison with the earlier states, the difference decreases with increasing distance
from the Gabéikovo hydraulic structures. In the area of the lower Zitny Ostrov at the
Danube a decline reaching 30 cm predominated. More significant declines also occur in
the stretch Gabc¢ikovo — Medved’ov, even to 100-200 cm.
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Fig. 6 Ground water minimum level differences between period (2006-2015) and (1979-
1988)

Average states

The long-term average states are expressed as their differences between the first (pre-
dam) period (1979 - 1988) and the second period (2006 - 2015). As to the average
monthly states of the ground water levels, increasing of their values are obvious in the
upper part of the territory in 2006 - 2015.

Fig. 7 also shows the reach of changes in ground water levels. An increase was recorded
downstream from Bratislava — inclusively of the whole right-side of the Danube — up to
Samorin and towards the Zitny ostrov Island interior up to the villages Most na Ostrove
— Tomasov — Kvetoslavov (the highest increase 340 cm), but also insignificant in the
central part of Zitny ostrov (up to 30 cm). On the contrary, decreases occurred
downstream from Samorin, in a narrow zone at the left side of the bypass and tailrace
canal, as well as along the Danube downstream up to Ci¢ov (the largest decline was at
Dobrohost’ — 215 c¢cm) and from the Dobrohost’ towards the Zitny ostrov interior.
The largest increases occur in the surroundings of Rusovce (the Cunovo reservoir right
side) and Podunajské Biskupice — Kalinkovo and Hamuliakovo of the Danube left side.

The largest difference between both periods occurred in the months showing the lowest
states of ground water level (October — December) in pre-dam conditions, while the
lowest difference occurred in the months originally showing the highest states (May —
June). In the surroundings of Samorin, the levels increased after putting the project into
operation, but the differences are already not so strong; similarly in the upper parts of
Zitny ostrov, which are more distant from the Cunovo reservoir (Tomagov).
Downstream of Horny Bar up to Medvedov, the states of water levels were higher in
the initial stage; the highest differences occur in the surroundings of Dobrohost’ and
Gabcikovo.
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Fig. 7 Ground water minimum level differences between periods (2006-2015) and
(1979-1988)

Evaluation of trends

Development trends of ground water levels are estimated on the basis of data from one
cross-section in upper part of Zitny Ostrov Island (Fig. 8) separately for the period
1979 - 1988, and for a 10-year period of operation of the project (2006 - 2015). In the
pre-dam period, the decreasing trends prevailed at all measuring objects: most strongly
in the upper part of the territory of the Danube - Petrzalka, Podunajské Biskupice,
Kalinkovo; in the downstream direction the decline was weaker; in the surroundings of
Sap and Medved’ov the declines were already moderate. After putting the project into
operation, the character of the trends turned into increasing trends. In the first five years
this increase was strongest just in the upper part of the territory, upstream of the Cunovo
reservoir and along it. Only in the surroundings of the tailrace canal did the decrease
continue. In the course of time, the character of the trends started to change. Upstream
from the Cunovo reservoir, in vicinity of the stream, the increasing trend persists, but
already in the surroundings of the reservoir a decreasing trend occurs. In the upper part
of the Zitny Ostrov Island the increasing trend has turned into a balanced state.
At Samorin, the ground water level, after a strong initial increase, is gradually
decreasing almost to the pre-dam level with a tendency to further decreasing. The
decreasing trend also continues along the tailrace canal. In the area of confluence of the
tailrace canal with the Danube old riverbed, the earlier balanced trend turned into a
decreasing trend.
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Fig. 8 Trends of groundwater level

Fluctuations of ground water level

Fluctuation of ground water level is evaluated first of all on the basis of annual sums of
weekly amplitudes. The weekly amplitude means the difference in two subsequent
measurements. The annual sum of weekly amplitudes is the sum of the absolute values
of weekly amplitudes. For comparison of both periods we elaborated differences of
average annual sum amplitudes, which show areas of increased or reduced movement of
ground water levels. A reduction of amplitude of ground water levels occurred along the
Danube, actually downstream from Bratislava up to Trstena na Ostrove and toward the
interior of the Zitny ostrov Island downstream from Podunajské Biskupice, through
Rovinka up to Sul'any [2]. On other hand, the fluctuations increased along the tailrace
canal and downstream along the Danube up to Ciov, but the area showing a reduction
of fluctuations is larger than that with increased amplitude of ground water levels.
In remaining part of the territory, the enlargement of decreases of average annual sum
of amplitudes are insignificant and they cannot be explained by influences of the
Gabcikovo hydraulic structures.

Groundwater level contour map

To visualize the ground water level in the area, contour map are used. The high ground
water levels were used to construct high ground water level contour maps on 2.6.2010
(Fig. 9). This contour map shows the general changes in ground water level position and
flow direction.
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Fig. 9 High ground water level contour map on 2.6.2010

Summary

The Gabc¢ikovo Dam has significant backwater effect in Bratislava water gauging
station, where the water level has increased in the area of minimum discharges for about
1,75 m and the velocities have decreased for about 0,5 m/s. This influence is also
manifested in changes of the cross-section, where the river bed in middle and deeper
part of the cross-section in this profile was raised by accumulation of the transported
material (gravel), even in last years it has been partly lowered, probably by high flow
velocities during the flood in 2013. The changes in discharge regime in Danube River
between Bratislava and Medved'ov (water-gauging station under the water work) are not
significant; however, we can see the change in the ratio between mean annual
discharges in Medved’'ov and Bratislava in selected periods, the slight increase of this
ratio in second period can indicate a decrease in feeding of the groundwater in this area;
the difference in average about 18 m®/s represents the amount about 568 millions m* per
year possibly not getting into the groundwater in the section between Bratislava and
Medvedov (upper part of Zitny ostrov) in comparison with the first period.

During the whole period of operating of the Gabéikovo project it has been confirmed
that increased groundwater levels occurred in the surroundings of Bratislava and in the
upper part of the Zitny ostrov Island downstream up to Samorin and the Little Danube.
Decreases of ground water level were recorded in the stretch between the entrance into
the bypass canal and mouthing of the tailrace canal into the Danube (with two localities
of the largest decrease — Dobrohost’ and Gabcikovo). Besides this, a reduction of
amplitudes of ground water level fluctuation occurred along the Danube, Cunovo
reservoir and bypass canal; an increase of amplitudes appeared along the tailrace canal
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and the Danube downstream up to Ci¢ov. The recent general decrease of the ground
water level is especially important in the upper part of the Zitny Ostrov Island
(surrounding of Samorin), where the largest increases of ground water levels occurred
immediately after putting the Gabc¢ikovo hydraulic structures in operations. These
findings are consistent with the evaluation of changed ratio between the Danube
dicharges in Bratislava and Medved’ov mentioned in previous paragraph.
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ABSTRACT

In the present paper an analysis of the interval of uncertainty of the maximum
discharges is presented. The analysis was made based on two different approaches:
a) considering a single distribution for different volumes of the sample data;
b) considering a set of statistical distributions for the same volume of registered data. In
both cases, statistical tests were used to select the most adequate distribution(s).

A set of 78 values of maximum annual discharges at Turnu Magurele on the Danube
River represented the partial time series. In the first case, the log-Pearson 3 distribution
was selected and the statistical processing was made both on the basic data and on a set
of 1000 generated discharges, by extending progressively the length of the string data.
In the second case, a number of 50-60 distributions were analysed and finally 8-10
distributions were selected as appropriate for the initial set of data. In both cases, the
maximum discharges cover a significant interval of uncertainty, raising practical issues
for the design and operation of the hydraulic structures.

Keywords: Danube River, statistical distributions, uncertainty interval.
1. INTRODUCTION

The maximum annual discharges during the flood period are variable from one year to
another. The main objective of the Flood Frequency Analysis is to derive robust
estimates of percentiles P% in the domain of frequent (10-20%), medium (1%) and low
(0.1%) probabilities of exceedance.

Different statistical distributions can be selected for fitting the empirical distributions
[1], [2], [3]. Malamud and Turcotte (2006), cited in [4] showed that, the most
commonly used distributions in hydrology can be divided into four groups: the normal
family (normal, Lognormal), the general extreme value family (GEV, Gumbel, Fréchet,
reverse Weibull), the Pearson type 3 family (Gamma, Pearson type 3, Log-Pearson type
3), and the Generalized Pareto distribution. In practice, all these models are fitted to
data and compared using conventional goodness-of-fit tests.

Based on empirical comparisons each country choose to fit the annual peak discharges
by a certain statistical distribution. Thus, comparing the Lognormal, Gamma, Gumbel,
Log-Gumbel, Hazen, and Log-Pearson type 3 distributions, the USA adopted for flood
frequency estimation the Log-Pearson type 3 (LP3) distribution, Australia has also
adopted the LP3 distribution, the United Kingdom preferred the Generalized Logistic
distribution, while China uses the Lognormal (LN) distribution [4]. In many East
European countries, Pearson type 3 distribution is mostly used in statistical processing
of the peak discharges.
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However, the maximum discharges Qpe corresponding to the probability of exceedance
P% are not unique values, but they depend on aleatory and epistemic uncertainty [5].
Aleatory uncertainty is mainly due to the time variability and the length of the
maximum discharges series, while the epistemic uncertainty is the consequence of the
incomplete knowledge of the system.

2. THEORETICAL FRAMEWORK

Having a data set of maximum annual values of discharges different statistical tests, like
Kolmogorov-Smirnov, Anderson-Darling and Chi-Squared tests [6] are used to select
the suitable continuous distribution. When the sample volume is not very large, the
volume can be extended by numerical simulation of random variable based on the
inverse method.

For an increasing function F on R, the generalized inverse of F~ is the function [7]
defined by F~(u)=inf{x; F(x)>u}. The inverse method is based on the following

lemma: If U ~> U0, 1], then the random variable F~(U) has the distribution F [7].

The processing of the statistical data is based on the following assumptions: mutual
independence and identical distribution, homogeneity and lack of trend of the sample
data. The following statistical tests can be used to check if these assumptions are
fulfilled:

The Wald-Wolfowitz test, known also as the sequences test [8] checks with a given
error ¢ if two given samples X,,..., X and Y,,...,Y, are independent.

Another test for mutual independence is the Turning points test [1]. It is a non-
parametric statistical test and it can be used to test the null hypothesis that the elements
of the sequence are mutually independent and identically distributed (iid).

The Mann-Whitney-Wilcoxon test [1], [8] checks with a given error ¢ if the values
from the sample X,,..., X, are homogenous.

The Mann-Kendall test [4] is used to verify the null hypothesis of the lack of the trend
with a given error ¢ for a sample X,,..., X .

3. CASE STUDY
3.1. Fitting the sample data with a unique statistical distribution

The discharges registered at Turnu Magurele from 1931 till 2008 were available for
hydrological processing (Fig. 1). Based on statistical tests the log-Pearson 3 distribution
was selected as the most appropriate to fit the maximum annual discharges. For this
sample, the distribution parameters are o =2654.6, f=0.0035 and the statistics
K_S=0.04999, A_D=0.19349and yZ, =2.1548, values that confirm the previous
statement.

125



G CONFERENCE OF THE BANUBIAKN COUNTRIES
O HDRoOLOS|CAL FOMECASTING

AND HYDROLOSICAL BASES ©F WANER MANASENISNT

Danube Conference
2017

26-28 September 2017, Golden Sands, Bulgaria
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Fig. 1: Complete time series of discharges registered at Turnu-Magurele
(INHGA, Danube Floodrisk project)

In the following, statistical tests were used to check the mutual independence and
identical distribution, the homogeneity and the lack of trend of the sample data.

The median of the sample values is »=10700; a number of 37 values are less than the

median, and 38 values are greater than median (there are three equal to median, namely
in the years 1984, 1994 and 1996). The results of the statistical tests are presented in the
Table 1:

Tab. 1: Results of the statistical tests

Z] First
Test Statistics L Z quantile degree Conclusions
statistics
error
Wald Zoos =1.64485 Mutual independ
ald- _ utual independence
Wolfowitz R=31 | 174264 0.0814 5% threshold
Turning point T=50 0.18115 Zyo0s =1.64485 | 0.85626 i.i.d 10% threshold
Mann-Whitney- _ _ Mutual homogeneity
Wilcoxon W=700 | 0.03179 | Zo,=1.28 0.97464 10% threshold
0,
Mann-Kendall | T=-115 | 049102 | Z. -164485 | 062278 | NO  trend  10%
threshold

According to the statistical tests in all cases the null hypothesis (mutual independence,
mutual homogeneity and lack of trend) are accepted with threshold 10%. The exception
is the Wald-Wolfowitz test, where the null hypothesis is accepted for 5% threshold, but
it is rejected for 10% threshold. The explanation for the lack of trend of the maximum
discharges is the large size of the Danube river basin, which is able to compensate the
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local effects of the climate changes. Thus, one can suppose that the variation of the Qo
values are due only to natural variability of the maximum discharges, and not to the
climate change.

Based on the sample data of maximum annual discharges, a set of 1000 values
following the log Pearson 3 distribution and keeping the same statistical parameters
were randomly generated.

In the following, the percentiles corresponding to different probabilities of exceedance
were computed for the generated values, by increasing step by step the number of
processed discharges from 80 to 500. In each case, the graphical representations were
plotted on the probability format, allowing a better visualization of the cumulative curve
for small probabilities of exceedance.

One can notice that the cumulative curves cover a quite large range of values for
medium and rare probabilities of exceedance (Fig. 2).
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Fig. 2: Cumulative distribution curves for different samples volumes
(Turnu Magurele gauge station)

Thus, for the probability of exceedance 0.1%, the maximum discharge is in the range
(18611, 20483) m®/s, which means a difference of 1872 m%s, or a percentage of 10%.
This percentage decreases with the increase of the probability of exceedance, beeing
mimimum in the central part of the distribution. Fig. 1 can be considered an illustration

of the aleatory uncerntainty.

The evolution of the maximum discharges corresponding to 0.1% probability of
exceedance with the increase of the sample volume of generated values is presented in
Fig. 3. One can notice the strong variability of the maximum discharges corresponding
to the first 200 registered plus generated values, and the discharges relative stabilization
for larger sample volumes. Taking this remark into consideration, the uncertainty
interval of the maximum discharges Qo.19 is in the range (18611, 19050) m®/s.
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Fig. 3: Qo.1% versus sample’s volume

The same approach was used for the initial selection of the 78 values of the maximum
annual discharges. The set of values was split into two series: the first 30 values were
statistically processed and then new values were added followed by new statistical
processing. Similar results are obtained: the maximum discharges corresponding to a
given probability of exceedance are in a range of values whose variance increases for
medium and rare probabilities of exceedance.

3.2. Fitting the sample data with more statistical distributions

Another statistical processing was made considering a large number of distributions
based on Easy-fit software to analyse the discharges registered at Turnu Magurele from
1931 till 2008. The statistical distributions were then ordered according to their
adequacy based on statistical tests (Kolmogorov-Smirnov, Anderson-Darling and Chi-
Squared tests). The results for the firts 9 ranked distributions are presented in Table 2.

Tab. 2: Results of the statistical processing

PY% Discharges [mA3/s] Incertitude interval PY%
LogG Fatiguelifg Lognormal|Pearson6| Pearsons{GenExtreme|Gamma|GenG Pearson5| Q Lower | Q Upper

0.1 19117 18715 18808 19626 19884 17632 18041 18006 18118 17632 19884 0.1
0.5 17364 17111 17152 17632 17798 16589) 16682 16653 16707 16589 17798 0.5
1 16577 16377 16403 16758 16888 16042 16047 16022 16055 16022 16888 1

3 15263 15138 15144 15330 15410 15022| 14952 14933 14942 14933 15410 3
5 14613 14516 14518 14636 14696 14472| 14393 14376 14378 14376 14696 5
10 13670 13606 13603 13645 13679 13626) 13558 13546 13541 13541 13679 10)
20 12613 12576 12572 12556 12568 12625 12591 12583 12577 12556 12625 20
25 12235 12204 12202 12171 12177 12256 12236 12229 12224 12171 12256 25
30 11906 11880 11878 11839 11840 11931 11922 11917 11913 11839 11931 30
40 11335 11315 11315 11267 11261 11361 11370 11368 11366 11261 11370 40
50 10828 10811 10813 10764 10754 10848 10870 10869 10871 10754 10871 50
60 10346 10330 10333 10290 10277 10354 10384 10386 10390 10277 10390 60
70 9855 9838 9844 9812 9798 9848 9881 9884 9892 9798 9892 70
75 9594 9577 9582 9559 9545 9578 9609 9614 9623 9545 9623 75
80 9311 9254 9300 9287 9273 9284 9313 9319 9329 9273 9329 80|
90 8611 8590 8595 8618 8607 8547 8563 8571 8582 8547 8618 90
95 8075 8051 8054 8111 8104 7977 7975 7985 7993 7975 8111 95
97 7746 7721 7720 7802 7799 7623 7608 7620 7624 7608 7802 97
99 7163 7137 7128 7259 7263 6987 6948 6961 6953 6948 7263 99
99.9 6272 6245 6217 6435 6455 5984 5911 5926 5879 5879 6455 99.9
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Some graphs putting into evidence the adequacy of the selected distributions are
presented in Fig. 4.
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Fig. 4: Adequacy of the selected distributions

For two probabilities of exceedance (1% ans 0,1%) the hystogram showing the
distribution of the computed values for 30 distributions is presented (Fig. 5).
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Fig. 5: Histogram of the maximum discharges - return periods of 100 and 1000 years
On 23-24 of April, 2006 a maximum discharge of 16300 m*/s was registered at Turnu-

Magurele gauge station. This value is located in the central part of the hystogram
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corrresponding to 1% probability of exceedance (Fig. 5) and can be considered the
discharge Q19 .

4. CONCLUSIONS

The maximum discharges corresponding to a given probability of exceedance are not
unique values as normally considered in the current practice, but they belong to an
interval of uncertainty. This interval can be put into evidence either by using a single
suitable distribution or by analyzing more statistical distributions, the selection being
based on Kolmogorov-Smirnov, Anderson-Darling and Chi-Squared tests.

In the first case, the aleatory uncertainty is highlighted by analyzing time series of
different lengths of the registered or generated maximum discharges. It was shown that
for the same value of P%, the values Qpq, increase during very wet periods, while after a
dry period the same characteristics decrease. For the case study these fluctuations can
reach 10% for 1000 years return period and 8% for 100 years return period respectively.

In the second case the epistemic uncertainty is put into evidence by analysing 50-60
statistical distributions and selecting the first 8-10 ranked according to one of the
statistical tests to fit the registered discharges.

The interval of uncertainty is the consequence of the normal climate variability and the
climate change. For safety reasons, in the design of the hydraulic structures or in
updating studies of risk evaluation is recommended to consider the upper bound or at
the limit the median value of the uncertainty interval.
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ABSTRACT

In the hydrological practice of most countries, design floods of investigated rivers,
where there are gauging stations with long-time series of observed and measured flows,
represent theoretical flood waves whose basic parameters (maximum ordinate and
hydrograph volume) have the same probability of occurrence. This is not the most
appropriate solution because in the process of flood wave formation it is very rare for
two parameters of the established hydrograph (peak and volume) to have the same
probability of occurrence (confirmed by observed data). Mainly, in nature, there is a
significant disparity between the probabilities of these hydrograph parameters, which
needs to be taken into account when determining the design flood.

Probability disparities can be quantitatively estimated on the basis of probability
coincidences (simultaneous occurrences) of the flood waves parameters. This means
that both hydrograph parameters, which are in essence random variables, must be
coupled (simultaneous events) when their joint probability is defined.

A technique based on the two-dimensional theory of stochastic processes is presented in
the paper. One of the results is isolines of exceedance probabilities:

P{(Qmax > Gmax,p) N (Wmax >Wmax, P)} =P
where:
Qmax — maximum hydrograph ordinate;
Whax - maximum hydrograph volume;
P — exceedance probability.

The defined isolines of the two discussed flood wave parameters are used to select the
most appropriate combination of parameters for calibrating the method for establishing
the design flood.
The following combinations are proposed for a selected exceedance probability — P:
1. Maximum annual flow — maximum flood volume;
2. Maximum annual flow - corresponding volume of selected exceedance
probability;
3. Corresponding maximum annual flow of selected exceedance probability —
maximum flood volume;
4. Most probable combination of maximum annual flow and maximum flood
volume for selected exceedance probability.
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Which of the combinations should be selected for design purposes? This question is an
eternal “dilemma”, explained in detail in the paper.

The paper is illustrated with a practical example of defining theoretical flood wave
probabilities of the Drava River at the hydrologic station of Donji Miholjac.

Keywords: design flood, maximum hydrograph ordinate, maximum hydrograph
volume, two-dimensional frequency analysis, exceedance probability

1. INTRODUCTION

The determination of design (theoretical) flood hydrographs of different probabilities of
occurrence is a very important task of applied hydrology, given that they are used to
plan hydraulic structures. Various approaches in this regard have been followed in the
past in Serbia and other countries in the region, depending on the type and extent of
available data. Basically, there are two such methods: (i) those applicable to gauged
watersheds (monitoring data available) and (ii) those used for ungauged watersheds
(monitoring data not available), albeit with no clear-cut position on which of them is
best suited to applied hydrology. The present paper proposes a new approach to the
determination of design flood hydrographs at hydrologic stations where perennial
monitoring time-series are available.

Namely, the authors of the paper have developed a different approach for the definition
of theoretical flood hydrographs at hydrologic stations, where all the considered
parameters are calibrated based on observed data, specifically time-series of maximum
annual flows, maximum flood wave volumes, and characteristics of observed flood
wave shapes. The approach is referred to as the limited runoff intensity method (LRIM).
The LRIM parameters are calibrated by equating the LRIM-derived theoretical
maximum annual flows and maximum annual volumes of the same probabilities of
occurrence, or, in other words, the standard procedure for fitting the time-series to
theoretical distribution functions commonly used in hydrology. The most suitable
combinations of the main hydrograph parameters — flood wave peak and volume — are
chosen using characteristic points on the selected exceedance probability line, according
to a predefined bivariate probability distribution of the main flood hydrograph
parameters.

The paper also describes the procedure followed to determine a design flood hydrograph
and the coincidence (concurrence) of hydrograph parameters, along with an application
of the proposed comprehensive approach to the Drava River at Donji Miholjac.

2. THEORETICAL BACKGROUND OF THE PROPOSED APPROACH IN
THE CASE OF GAUGED WATERSHEDS

Design flood hydrographs are theoretical hydrographs of different probabilities of
occurrence, whose parameters (maximum ordinate and maximum flood wave volume)
correspond to different and/or the same theoretical values of these parameters derived
by applying the conventional statistical-probabilistic approach.

Design flood hydrographs at gauging stations are defined where perennial time-series
are available for maximum annual flows, maximum flood wave volumes, and recorded
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hydrograph shapes. The flow and volume time-series are used to define the theoretical
values of these parameters for different probabilities of occurrence (return periods).
Flood hydrograph records from limnigraph stations (continuous monitoring) or gauging
stations (one-day time step) are used to define hydrograph shapes.

The main flood hydrograph parameters and the hydrograph shape are basically
determined applying the limited runoff intensity method (LRIM). The LRIM procedure
is described in more detail in the literature [2].

The LRIM starting point is the application of the rational theory of river runoff,
according to which the maximum flow of probability of occurrence p (Q,,,) is

computed from the formula:
Qmax,p :16'67'i_max,p(1)'(P'F (1)

where:
Qmax,p — Maximum hydrograph ordinate of probability p in m*/s,

imax,p (T) — Maximum average rainfall intensity of design rainfall duration r,

¢ — total runoff coefficient,

F — catchment area in km?.
7 — time of concentration, in minutes.

According to the LRIM theory, the design rainfall duration 7 is equal to the time of
concentration z,, which is in a causal relationship with the maximum hydrograph

ordinate Q, , in the form of:

.= 16.67-K-L @)

p 1/3 1/4
a- Iur 'Qmax,p

where:

t,— time of concentration in minutes,

K —rising to falling limb time ratio,

a — coefficient dependent on riverbed roughness and weighted channel slope,

L — length of main stream in km,
| ur— Weighted channel slope in %o.

Maximum daily precipitation data and the main properties of heavy-rainfall duration
curves from pluviograph stations are used to calculate the maximum average rainfall
intensity iy, (1), as:

. v,(1) —
Imax,p('[:) :pT' Hmax,dn,p :Wp(T)' Hmax,dn,p (3)

where:
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T — rainfall duration in minutes, and
v, () — maximum rainfall depth reduction curve ordinate of probability p for rainfall

duration T, calculated from:

H(1),

- @

v,o(1)=

max,dn,p

where:

H(%), _ theoretical rainfall depth for rainfall duration of probability p,

Hunaxan.p — theoretical maximum daily precipitation total of probability p,

\y_p(r)— maximum average rainfall reduction curve ordinate for rainfall duration .
The flood wave volume is estimated applying the equation:

W,=1000-h,-F ©)

where:
W, — flood wave hydrograph volume of probability p,
h, — runoff depth in (mm),

he=(oH ), v, (1). (6)

The flood hydrograph ordinates Q,; (i=1,2,3,...,Tg, Tg — hydrograph time base) are
calculated according to the Goodrich law of distribution:

1-X;

X
Qp,i = Qmax,p 10 X (7)
0.278-X -h
T,=B, ———*% ®)
qmax,p

where:

X, = Tt—' — relative abscissa of the hydrograph,
p

T, — conditional hydrograph rising limb time of probability p,
— maximum runoff modulus (m*/s/km?),

Qnax,
Ornax,p = F =

qmax,p

a — parameter that depends on the skewness coefficient of the hydrograph K, or the
coefficient of the hydrograph shape %",
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Kg = ! ,
1+K

7\‘* _ Qmax,p 'TP
W

por

B, — coefficient to be calibrated,
Wpor— Volume under rising hydrograph limb.

The correlations among a, & and K are discussed in the literature [7].

According to the theoretical background, the conclusion is that the main parameters
calibrated applying LRIM are: K — rising to falling limb time ratio, a — coefficient that
depends on riverbed roughness and weighted channel slope, and B,— coefficient.

A predefined bivariate (two-dimensional) probability distribution of the main
hydrograph parameters — flood wave peak and volume — serves as a basis for selecting
the combinations of characteristic parameters for which the design hydrographs are
defined. The hydrograph shape parameters are determined from flood hydrographs
actually recorded by the considered gauging station. In the present case, the bivariate
distribution function was defined applying the grapho-analytical procedure [1]; details
are available in the literature [3] and [4].

The theory is based on practical application of bivariate normal distribution functions of
two random variables, X and Y. In essence, the bivariate normal distribution is a
distribution whose probability density is defined as [6]:

1 {(X_“x)z ZP(X_“x)(y_“y) (y—uyy

y
t

f(x,y)= ! o 20l o oo o (9)
210, -0, -\/1—p2
where:
x and y — instantaneous occurrence of random variables X and Y, respectively;
Ky and By  —mathematical expectations of X and Y;
o, and oy - standard deviations of X and Y;
P — coefficient of correlation of X and Y.

To determine the distribution density function, f(x,y), the first step is to derive
marginal probabilities f(x.)and f(.,y) as:

F(xe)= ] F(xy)dy (10)
y=-o0
f(oy)= ] F(xy)dx (12)

X=-00
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Then their cumulative probabilities are:

F(xe)= [ f(te)dt (12)

t=—00

and

F(xe)= [ f(te)dt (13)

The cumulative probability distribution function, F(x,y), is defined as:

FOuy)=PIX <xNY <yl= [ ] F(t2)ddz (14)

t=—00 72=—0

The subsequent step is to determine the exceedance probability ®(x,y) in bivariate
probability space [6]:

(D(x,y):t:fmzﬁ(t,z)dtdz= P[X >xNY >y]=1-P[X <xUY < y]=

t=x z=y

=1-F(Xs)=F(+,y)+F(x,y)

(15)

Bivariate probability distribution in statistical analysis of various flood hydrograph
parameters requires simplification for the above-described procedure to be applicable.

The main simplification pertains to the assumption that each of the considered
hydrograph parameters follows the normal (log-normal) distribution law, which may not
be the case.

The established bivariate distribution function, or the coincidence of the main flood
hydrograph parameters, is statistically significant if the inequality [8]:

|R|> 30k (16)
is true.

3. CASE STUDY OF THE DRAVA RIVER AT DONJI MIHOLJAC

3.1 Probability of occurrence of main flood hydrograph parameters

The above-described methodology for determining design flood hydrographs at river
gauging stations was applied to the Donji Miholjac station on the Drava River. Time-
series of maximum annual flows, maximum annual volumes, and recorded historic
flood hydrograph shapes [5] were used.
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The results of the applied goodness-of-fit tests showed that the best fit of the maximum
annual flow time-series was obtained with the Log Pearson 11 distribution function, and
of the maximum flood wave volume time-series with the Pearson Il distribution law.
The results are presented numerically in Table 1 and graphically in Figs. 1 and 2.

Tab. 1: Theoretical maximum annual flows and maximum flood wave volumes of the Drava
River at Donji Miholjac (Log Pearson Il distribution)

] Probability p (%)
Variable
0.01 0.1 1.0 2.0 5.0 10.0 | 50.0
Qmax,p(m3/s) 4013 | 3242 | 2534 | 2329 | 2060 | 1852 | 1307
Wmax,p(106m3) 6506 | 5929 | 5149 | 4855 | 4408 | 4008 | 2660
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Fig. 1: Theoretical maximum annual flows of the Drava River at Donji Miholjac according to
Log Pearson 111 and Pearson Il distribution functions and LRIM
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Fig. 2: Theoretical maximum annual volumes of the Drava River at Donji Miholjac according to
Log Pearson 111 and Pearson 11 distribution functions and LRIM
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3.2 Bivariate probability (coincidence) of the main flood hydrograph
parameters

The bivariate probability (coincidence) of the main flood hydrograph parameters of the
Drava River at Donji Miholjac was determined on the basis of synchronous data from
the same time-series as used in Section 3.1, including:

Density functions (lines of same bivariate probabilities of occurrence):
F(Qmax;Wmax) = p, for p = 0.1, 1.0, 2.0 and 5.0%, and

Density functions (lines of bivariate exceedance probabilities):
P {(Qmax= qmaxp) (Wmax>Wmax,p) } = P, for P = 0.1, 1.0, 2.0 and 5.0 %.

The quantitative indicators of the strength of correlation between the considered flood
hydrograph parameters of the Drava River at Donji Miholjac were:

o Coefficient of linear correlation R = 0. 581,

o Standard error of correlation coefficient 6g = 0.074.

They showed that the established bivariate correlation, or the coincidence of the main
flood hydrograph parameters, was statistically significant because inequality (16) was
true.

The results of calculations of the bivariate distribution functions of the main flood
hydrograph parameters are shown in Fig. 3.
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Fig. 3: Bivariate distribution (coincidence) of the main hydrograph parameters (maximum
ordinate —Qax and maximum flood wave volume — W) of the Drava River at Donji Miholjac

It is apparent in Fig. 3 that for a certain exceedance probability, P{(Qmax >
Omaxp) V(Wmax >Wmax p) = P, there is a broad range of choices of corresponding values of
the considered flood wave hydrograph parameters.
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3.3 Flood hydrograph shape parameters of the Drava River at Donji
Miholjac

According to LRIM, all the necessary hydrograph shape parameters are derived from
the correlation between the falling and rising limb times (i.e. parameter K). Parameter
K is determined using actual data from recorded flood hydrographs. In the case study of
the Drava River at Donji Miholjac, histograms from the period 1931-2014 were used.
All peak hydrographs by year were represented in the same graphic, after reducing the
maximum ordinates to the same point in time. This resulted in a broader temporal
spread of the hydrograph, based on which the rising/falling time ratio was defined.
Specifically, in the case of the Drava River at Donji Miholjac the ratio was K=2.0, such
that the skewness coefficient of the hydrograph was Ks= 0.33.

Based on the correlations among a, »' and K, which are available in the literature [5],

the other LRIM parameters needed to define the hydrograph shape were: »'= 0.8, a =
1.01.

3.4 Design flood hydrographs according to LRIM

The proposed approach for determining theoretical flood hydrographs at gauging
stations, by combining LRIM and predefined bivariate probability distribution functions
of the main hydrograph parameters, is widely applicable in practice. Namely, it provides
a number of choices of combinations of main hydrograph parameters, for both
probabilities of occurrence p and probabilities of exceedance P.

To illustrate the application of the approach in practice, let us assume that there is a very
strong functional correlation (R=1.0) between the main flood hydrograph parameters of
the Drava River at Donji Miholjac. This practically means that the maximum annual
flow of a certain probability of occurrence always coincides with the maximum annual
volume of the same probability of occurrence. However, given the results shown in Fig.
3, this is not the case in reality. Still, such a combination of hydrograph parameters
makes sense because it in essence represents the “maximum possible” combination,
where in the specific case the exceedance probability P is:

P {(Qmax = gmax.p) \(Wiax >Wmax, p) }>P.

For illustration purposes, the first analysis of theoretical flood hydrographs applying
LRIM was conducted for the “maximum possible” combination of main flood
hydrograph parameters: maximum annual flow and maximum flood wave volume. With
these assumptions, the LRIM parameters were calibrated to calculated distribution
functions of maximum annual flows (Fig. 1) and maximum flood wave volumes (Fig.
2). The results for the main flood hydrograph parameters of the Drava River at Donji
Miholjac are shown in Table 2, along with calibrated LRIM parameters.

Tab. 2: Theoretical flood hydrograph elements of the Drava River at Donji Miholjac according

to LRIM
Theoretical flood hydrograph elements
p(%) (@H), Fo E(min) S(E) Q, (m’/s) | q(m®/s/km®) | hy(mm) | W,(10°m?)
0.01 152.8 | 56753 | 16400 0.072 4063 0.109 175.0 6 500
0.1 129.2 | 47987 | 17103 0.067 3233 0.087 159.9 5937
1.0 108.6 | 40336 | 17862 0.063 2534 0.068 138.7 5151
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2.0 103.2 | 38331 | 18091 0.061 2356 0.063 130.9 4863
5.0 94.8 35211 | 18479 0.059 2082 0.056 118.5 4400
10.0 88.1 32722 18 821 0.057 1868 0.050 108.0 4011
50.0 69.9 25962 | 19942 0.050 1307 0.035 71.5 2657

To verify LRIM, the calculated theoretical maximum annual flows and maximum flood
wave volumes were added to Figs. 1 and 2. It is obvious that there is a very good
agreement between the values obtained by conventional statistical-probabilistic analysis
and LRIM.

The resulting theoretical flood wave hydrographs of different probabilities of
occurrence for the Drava River at Donji Miholjac are shown in Figure 4, assuming that
there is a very strong correlation (R=1.0) between the considered main flood hydrograph
parameters.

4500

—0.01%

4000 —_—01%

3500 1%
2%
3000 —5%
= 2500 10%
= 50 %
£ 2000 X
g
1500 N
1000
500
0 [=
0 200 400 600 800 1000 1200 1400 1600 1800

hour
Fig. 4: Drava River at Donji Miholjac: theoretical flood hydrographs of different probabilities of
occurrence

3.5 Theoretical flood hydrographs according to LRIM and different
combinations of main parameters

The defined bivariate distribution functions of the main flood hydrograph parameters of
the Drava River at Donji Miholjac indicated that for a certain exceedance probability
P{(Qmax = ¢maxp) N (Wmax >wmax, p)}>P, there was a broad range of possible combinations
of maximum annual flows and maximum flood wave volumes. This practically means
that there is a large number of combinations of main flood hydrograph parameters that
correspond to the same exceedance probability P, so it was necessary to develop an
approach that will determine the optimum combinations from the viewpoint of the user
of the results.

In this regard, the authors suggest to users in the field of flood protection that for a
predefined exceedance probability P, the most effective approach is to use the following
combinations of parameters with the same marginal probabilities:

o Maximum annual flow — maximum flood wave volume of the same marginal
probabilities — P(Qmax.p, Wmaxp),
o Maximum annual flow of the same marginal probability — corresponding flood

wave volume of the considered exceedance probability — P(Qmaxp, Weorp),
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o Corresponding maximum annual flow of the considered exceedance probability
— maximum flood wave volume of the same marginal probability — P(Q corp,
Wmax,P),

o Most probable combination of maximum annual flow and maximum flood wave

volume of the considered exceedance probability — P(Qwmod.p, Whnod. p).

In the case study of the Drava River at Donji Miholjac, the values of the flood
hydrograph parameters were taken from the results obtained by LRIM for the
“maximum possible” combination (Subsection 3.3), and the corresponding values of the
other combinations for the same exceedance probability P from the bivariate
distribution plot (Fig. 3). Table 3 shows the numerical values of the selected
combinations of flood hydrograph parameters of the Drava River at Donji Miholjac.

Tab. 3: Selected combinations of main flood hydrograph parameters of the Drava River at
Donji Miholjac for different exceedance probabilities P

Exceedance probability =P {(Qmax = Amaxp) M(Wimax 2Wmax, p) }=P

Combination 0.1% 1.0% 20% 5.0%

Of Va ria bles Qmax Wmax Qmax Wmax Qmax Wmax Qmax Wmax
(m*/s) | (10°m®) | (m%/s) | (20°m’) | (m’/s) | (10°m®) | (m%/s) | (10°m’)

Quuanp - Wonanp | 3242 5929 2534 5149 2329 4855 2060 | 4408

Qmaxp - Weorp 3242 5000 2534 2600 2329 2100 2060 1600

Qeorp - Winax,p 3000 5929 2150 5149 1800 4855 1600 4408

A WIN|PF

Quodp-Wyoap | 2700 7500 2100 5200 1950 | 4700 1800 | 4000

Figure 5 shows the selected combinations of variables (main flood hydrograph
parameters — maximum ordinate and flood wave volume) for an exceedance probability
of P{(Qmax>gmaxp) N(Wmax>wmax p)}=1.0%, along with the bivariate coincidence function.
The combinations are numbered as in Table 3.

Theoretical LRIM flood hydrographs were assessed for all four of the selected
combinations of variables, for an exceedance probability of P=1.0%. The results are
graphically represented in Fig. 6.
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Fig. 5: Bivariate distribution (coincidence) of the main hydrograph parameters (maximum
ordinate — Qmax and maximum flood wave volume — W) of the Drava River at Donji
Miholjac, including selected combinations for an exceedance probability of 1%
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Fig. 6: 100-year flood histograms of the Drava River at Donji Miholjac for the selected
combinations of the main hydrograph parameters (maximum ordinate — Qpaxand maximum
flood wave volume — Way)

There are four different hydrographs in Fig. 6, each from a different perspective, of
which hydrographs 2, 3 and 4 reflect a 100-year flood of the Drava River at Donji
Miholjac. The theoretical hydrograph composed of marginal probabilities — P(Qmax.p,
Whaxp), Which is the “maximum possible” hydrograph, is a “quasi-100-year”
hydrograph by both parameters (maximum ordinate and maximum volume), and it
basically exceeds probability p (i.e. p>P). This is corroborated by the position of
characteristic point 1 in Fig. 6, which cannot represent a 100-year theoretical
hydrograph (p=1.0%) because its actual position evidently corresponds to the line of
exceedance probability:

P{(Qmax > gmax,2) N (Wmax >Wmax, p)} = P <p=1.0%.

143



SOV CONEERENGE OF THE DANUEIAN COUMNTHES
Danube COnfErence ]l COFERE] OF TH DANUZLA 8

Ol HYDROLOGICAL FORECASTING
2017 AND HYDROLOGIGAL BASES OF WATER MANASEMENT

26-28 September 2017, Golden Sands, Bulgaria

Its real exceedance probability (Fig. 5) is:
P{(Qmax Z qmaX'P)m(Wmax ZWmaX' P)} = P: 033% <p:10%
This means that flood hydrograph 1 corresponds to a 300-year return period.

4. CONCLUSION

The main idea behind the research was to propose a novel approach for defining
theoretical flood hydrographs at river gauging stations, such as official stations with
long time-series of river stages and flows.

The initial assumption of the approach is that each of the main flood hydrograph
parameters is a random variable that adheres to a univariate, bivariate or multivariate
distribution law. The bivariate probability analyses presented above show that there is a
broad range of possible combinations of hydrograph parameters, which can be used to
define a theoretical hydrograph of a certain probability of occurrence. The authors
pointed out that for an exceedance probability of P{(Qmax > ¢maxp)(Wmax >Wmax, P)} =
P, there are four characteristic points whose coordinates (which in effect represent the
maximum hydrograph ordinate and flood wave volume) determine the theoretical

hydrograph of the same probability of occurrence P=p.

The practical value of theoretical flood hydrographs, determined on the basis of the
coordinates of the four characteristics points, for the same exceedance probability
P{(Qmax>qmaxp) N(Wnax>Wmax.p) }=P 2D, lies in the following:

1. A theoretical hydrograph, composed of marginal probabilities — P(Qmaxp,
Whaxp), represents the “maximum possible” hydrograph by both parameters
(maximum ordinate and maximum volume), and in effect exceeds probability p
(i.e. p>P). This is corroborated by the position of characteristic point 1 in Fig. 5,
which can represent a 100-year theoretical hydrograph (p=1.0%) but it is evident
that its actual position corresponds to the line of probability exceedance P{(Qmax
> Qmax.P) N(Wmax>Wmax, p)} = P <p=1.0%. In other words, its actual exceedance
probability (Fig. 5) corresponds to a 300-year return period.

2. A 100-year theoretical hydrograph composed of marginal probabilities —
P(Qmaxp, Weorp) is @ 100-year hydrograph (p=1.0%) only with regard to the
maximum ordinate, such that it can only be used to design spillways, levees,
bridges, culverts, and the like. It cannot be used to size reservoirs and retentions
because the return period of the other hydrograph parameter — flood wave
volume — is less than 100 years (p<1.0%).

3. Conversely, a 100-year theoretical hydrograph composed of marginal
probabilities P(Qcorp, Wmaxp) is a 100-year hydrograph (p=1.0%) only with
regard to the maximum volume parameter and can be used to design reservoirs
and retention areas, but not for spillways, levees, bridges, culverts, etc., because
the return period of the other hydrograph parameter — maximum ordinate — is
less than 100 years (p<1.0%).

4, A theoretical hydrograph composed of marginal probabilities — P(Qmod,p, Wmod,
p) is the “most probable” hydrograph, whose exceedance probability P and
probability of occurrence p coincide (are identical), i.e. P{(Qmax =
Omax,P) N(Wmax >Wmax, p)} = P =p.
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The authors recommend that this “most probable” hydrograph of any probability (P=p)
be used as a control hydrograph in all of the above-mentioned cases that involve
designing of hydraulic structures.
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ABSTRACT

Karst groundwater is widespread in Northwestern Bulgaria. In the higher parts of the
Balkan mountain range (Stara Planina) and Fore Balkan typical karst basins are found
built mainly from Mesozoic carbonate sediments, whereas in the flat platform part the
typical aquifer in the Neogene (Sarmatian) deposits is formed.

The drainage of these carbonate sediments is carried out by several karst springs, whose
location is determined mainly by geological and geomorphological factors. The
formation of their regime is mainly on the account of precipitation, with additional
recharge from the river runoff for some of karst basins.

The aim of the paper is to discover the impact of different natural factors on the regime
of the selected karst springs within the study area. For this purpose the statistical
processing of data on spring discharge for karst springs included in the National
Monitoring Network of Bulgaria is applied.

Comparative assessment of the regime for the selected springs allowed evaluating of the
impact of different driving factors on the discharge of karst groundwater in
Northwestern Bulgaria.

Keywords: karst springs, spring discharge, groundwater regime, Northwestern Bulgaria
1. INTRODUCTION

Karst waters are very sensitive to external impacts, which is mostly evident from their
regime. Therefore, studying the regime's quantitative and qualitative features, especially
for large karst springs, helps to clarify the role of different natural and anthropogenic
factors on their regime. The purpose of this study is via applying several statistical
methods to do conclusions concerning the similarities and differences in the formation
of the discharge for different springs from a relatively small area in Bulgaria, unaffected
by anthropogenic influence.

2. DESCRIPTION OF THE STUDY AREA

The object of the study are karst springs from Northwestern Bulgaria (Figure 1). The
study area with area about 160 km? is located between the Danube River, the state
boundary and the line passing in South-North direction through Berkovitsa town. This
study area encompasses parts of the Danube plain, the Fore-Balkan and the Stara
Planina (Balkan) Mountain, and the altitude changes from about 30 m at the Danube
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River to 2168 m — the Midzhur peak. The climate of the lowest parts is moderately
continental, but in the highest parts — mountainous. The average precipitation sums in
the region are from about 550 to over 1000 mm/a according to altitudes.

Romania
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Fig. 1: Location of the study area and the studied springs

The geological setting is determined by the structural situation of the region - the
northern parts are located within the Moesian platform and the southern — in the Balkan
tectonic zone. In the scope of the Moesian platform the outcropping sediments are
mainly from Neogene and Quaternary ages. In the northern part of the Balkan zone,
morphologically coinciding with the Fore-Balkan, the rocks are mainly Mesozoic, while
in the southern part of the Stara Planina Mountain - magmatic and metamorphic rocks
of Mesozoic and Paleozoic age.

From the hydrogeological point of view, the region can be divided into two parts. The
northern part located in the Moesian platform is a typical artesian basin, with karst and
porous aquifers on the top. In the southern part representing a typical mountain massif,
the groundwater is related to fissures of weathered and tectonic fault zones. In addition,
fissured-karst groundwater is related to Mesozoic limestones and dolomites as well as to
Paleozoic marbles that form separate karst basins [1].
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The object of this study is the regime of several larger springs, which drain local karst
basins and aquifers. The springs are included in the National Groundwater Monitoring
Network. In the study area, there are 8 stations for quantitative monitoring of karst
waters, two of them being the issues of one spring (Figure 1, Table 1). The frequency of
measurements is on monthly basis, except for one spring 12312.

Tab. 1: Characteristics of the monitoring points

. . . Average
Springs L ocation Hydroge_ologlcal Catchmer;t Observation precipitation
code setting area [km<] from [mm]

12112 Gramada Sarmatian aquifer 5.9 1956 571
Karst basin in

12312 Bela Belogradchik 23.3 1958 696
anticline

12412 |Krachimir | Karstbasinin Salash | 1959 692
syncline

12512, . Karst basin in Salash

12612 Targovishte syncline 111 1959 737

12712 |DolniLom | KarstbasininSalash |5 1960 747
syncline

12812 |Ruzintsi Belogradchik 29 1958 684
anticline

13012 |Chereshovitsa | Shereshovitsa Not 1959 910
anticline defined

These springs have been described by Antonov and Danchev [1] but they are relatively
poorly explored from hydrogeological point of view. Some of the quantitative
characteristics of the springs are determined by Tzankov et al. [4]. Relatively more
detailed information is available for the spring 12412 (Krachimir) by Orehova and
Bojilova [3] and Benderev et al. [2].

The studied karst springs belong to four different hydrogeological units. Spring 12112
represents a group of springs at village Gramada, which appear in the lower part of the
relief and drain Sarmatian aquifer from artesian basin of the Moesian platform. The
aquifer is built from high porosity limestones outcropping in the valleys of the rivers
and covered by the Quaternary eolian sediments between them.

Belogradchik karst basin is drained by springs 12312 and 128I2. This is a separate
massive, representing a monoclinic slope forming a northern limb of a large anticline.
The Upper Jurassic-Lower Cretaceous limestones that built the aquifer are highly
karstified, and the springs are located at the northwest and southeast edges of the basin
on the contact of the limestones with younger sediments. The groundwater recharge is
only from precipitation.

Most of the springs (12412, 12512, 12612, 12712) are from Kkarst basin related to Salash
syncline. From the morphological point of view, this basin presents relatively raised
narrow strip (long 60 km with a width of 1.5 km) built from the Upper Jurassic-Lower
Cretaceous limestones. The carbonate strip is intersected by several deep-cut transverse
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river valleys, and the observed springs appear in the relatively deepest incised valleys.
The recharge is from precipitation within the limestone outcrops and on the account of
the river waters crossing the carbonate strip at higher elevations. Spring 13012
(Chereshovitsa) is located at the most southern edge in the mountain region of the study
area. It drains the weathered zone of Paleozoic metamorphic rocks with introduced
karstified lenses from marble.

3. METHODS AND DATABASE

The data base includes time series of the spring discharge values (measured on monthly
basis) from the beginning of the observations up to 2016. The methods include
statistical processing of the time series for spring discharge values as well as two tools
(the non-parametric Pettitt change point test and the Lowess Smoothing).

3.1. Pettitt change point test

A number of methods can be applied to determine change points of a time series [5], [9,
10]. In this study, the non-parametric Pettitt change point test is used to detect
occurrence of the abrupt change 